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ABSTRACT 
The electromagnetic lévitation method of beating a 
sample along with conventional isothermal drop calorimetry 
was applied to determine the heat content and the heat 
capacity of liquid cerium-copper alloys over the complete 
range of composition. 
The temperatures of the levitated samples were 
determined by means of an automatic optical pyrometer. The 
normal spectral emissivities ( X=b45nm ) of the binary liquid 
alloys were measured over the complete range of composition 
by an integral blackfaody comparison method. It was found 
that the normal spectral emissivities are constant over the 
experimental temperature range, from approximately 1120 K to 
1700 K. The result is represented by the equation, 
= 0.2920 - 0.0650 + 0.2242 + 1.138I 
- 1.4773 
where is the normal spectral emissivity and is the 
mole fraction of copper. 
The heat contents of the liquid alloy measurements at 
different compositions are represented by the following 
eq uations: 
i  V  
Purtf cecium : H^-Hggg = 33. 36 (tO. 46) x(T- 1077) +3b'105 (±387) 
J/iaol (1531 < T K < 2407) 
10.36 at.% eu : H^-Hggg = 32.56 (±0. 69 ) x (T-929)+311 1 3 (±6 99) 
J/raol (1703 < T K < 2247) 
19.76 a t .% Cu : Hp-Hggg = 32.43 (±0. 8 3) x (T-y 02) + 267 99 (± 942) 
J/mol (1605 < T K < 2271) 
28.73 at.% eu : H^-Hggg = 32.41 (±1.57)x (T-7 16)+23848 (±1873) 
J/mol <1644 < T K < 22,18) 
38.72 at.% eu : H^-Hggg = 32. 67 (±'i .28) x (T-789)+26586 (±1486) 
J/mol (1683 < T K < 2200) 
49.91 at.% Cu : H^-Hggg = 33.25 (± 1. 3 3 ) x (T-9 50) + 32 1 40 (± 1328) 
J/mol (1690 < T K < 2206) 
59.30 at.% Cu : H^-Hggg = 35.24 (±0. 72) x (T-1047)+34115(±572) 
J/mol (1420 < T K < 2088) 
69.73 at.% Cu : H^-Hggg = 35.77 (±1.46) x(T-1 069)+33971 (±1157) 
J/mol (1655 < T K < 2092) 
80.05 at.% Cu : H^-Hggg:: 32.99 ( + 0. 6 1 ) x (T- 1 145)+37051 (±486) 
J/mol (1659 < T K < 2201) 
Pure copper : H^-H2gg = 3 0. 2 1 (±0. 3 9) x (T-1 356)+42067 (±1 56) 
J/mol (1415 < T K < 2048) 
V  
The heat capacity of this liquid binary alloy as a 
function of composition is represented by the equation. 
-O.IGSXp -36.44 (x„ -0,67) 2 
Cp = 4.22 * 29.08 e + 4.99 e 
where is the mole fraction of copper. 
Other thermodyaamic properties, such as integral and 
partial molar Gibts free energy, entropy, and enthalpy are 
calculated based on the phase diagram using the sub-regular 
solution approximation and the one proposed by Guggenheim 
(1). The enthalpy of mixing is compared with the values 
predicted by a model proposed by Miedema et al. (2). 
1. Guggenheim, E. A, 1967. Thermodynamics. 5th ed. 
North Holland Publishing Co., Amsterdam. 
2, Miedema, A. R., F. R. de Boer, and P. Boom. 1977. 
Model predictions for the enthalpy of formation of 
transition metal alloys. Calphad 1 (4) : 341-359. 
1  
I. INTRODUCTION 
Since its founding in the early nineteenth century, 
thermodynamics has served as one of the most useful and 
powerful concepts in the field of chemistry, physics, 
metallurgy, chemical and mechanical engineering. Large 
amounts of thermodynamic data continue to be generated with 
improved accuracy by virtue of developing technology. Very 
recently, however, it has become evident that more data at 
very high temperatures for metals, alloys, and refractory 
materials are needed to provide a better understanding of 
their nature, and to increase their utility at extreme service 
conditions such as are found in solar thermal power 
generators, magnetohydrodynamic generators, and in nuclear 
fusion reactors. 
One of the modern techniques developed in the high 
temperature research field is lévitation drop calorimetry 
which utilizes lévitation plus induction heating of a sample 
and conventional drop calorimetry. This has been successfully 
applied to the study of pure liquid metals. 
The present work is one of the first applications of 
lévitation calorimetry to binary alloy systems. One of the 
components is cerium, one of the rare earth metals which can 
be produced in very high quality in Ames Laboratory. The 
other component is copper, one of the most widely used 
elements. A patent issued to Knapp and Bolkom (1) suggested 
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the use of this alloy as brazing material for tempered steel. 
It was claimed useful for the production of high strength 
joints without deleterious effects. In LAMPRJB (Los Alamos 
Molten Plutonium Heactor Experiment) , Ce-Cu alloy was 
suggested as a possible and better diluent in liquid plutonium 
fuel for easier heat removal than Ce-Co whose temperature 
dependent attack mechanism hampered the use of a tantalum fuel 
capsule (2). The Bell Laboratory group has accomplished the 
casting of CeCo^ magnets by alloying it with CeCu^ to-produce 
permanent magnet material with the highest intrinsic coercive 
force ever known (3, 4, 5). Tarawa and Senno have reported a 
newly found method to obtain a permanent magnet 
(Ce^ 05^°4 25^^^ 75^ without pulverizing the material (6). à 
similar but different procedure was employed by Schaefer and 
Weigand to make permanent magnets from Co-Cu-Ce alloy (7). 
Due to the nature of lévitation calorimetry, the 
temperatures of the levitated samples are determined by means 
of an automatic optical pyrometer. In principle, the accepted 
way of determining temperatures above the gold point (1337.58 
K) is to use Planck's distribution law (8), as defined by the 
International Practical Temperature Scale of 1968 (9), The 
normal spectral emissivities of this alloy are measured over 
the complete range of composition by an integral blackbody 
comparison method for this purpose. 
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II. AVAILABLE EXPERIMENTAL METHODS 
A. Emissivity 
The emissivity is a measurement of how well a body will 
radiate energy as compared with a blackbody. It may depend on 
factors such as temperature, wavelength aad angle at which the 
energy is emitted. The descriptions normal, angular, and 
hemispherical refer to the direction, while spectral and total 
refer to the wavelength. 
The methods of its measurement can generally be divided 
into three groups. Each method is briefly discussed below. 
Detailed reviews can be found in the literature (10). 
1. Reflectance method 
According to Kirchhoff's law, the directional spectral 
emissivity is equal to one minus the directional spectral 
reflectivity for an opayue body. The reflectance method of 
measuring emissivity is an indirect method, since the 
emissivity is determined by measuring the reflectivity of the 
material. This is further divided into five methods depending 
on the type of reflectooeter, such as heated cavity, 
integrating sphere, integrating mirror, specular and 
goniometric reflectometer. This method is generally used to 
measure the directional spectral emissivity. 
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2. Calorinetcic method 
The amissivity is measured in terms of the heat exchange 
of a thermally isolated specimen through radiation only. The 
ratio of the observed value to the computed rate of radiation 
heat transfer for a blackbody gives the value of emissivity. 
This method yields the hemispherical total emissivity. 
3. Radiometric or blackbody comparison method 
The emissivity is directly measured by the ratio of the 
radiation from a specimen to that from a blackbody at the same 
temperature. The measured emissivity is directional, and 
spectral or total depending upon the detector. It is further 
classified as an integral or separate blackbody comparison 
method. The former is preferred at high temperatures or at 
very short wavelengths, where extremely close temperature 
control is required. It is suitable when the sample is heated 
in a vacuum or controlled atmosphere, and must be viewed 
through a window. The separate blackbody comparison method is 
most accurate below 1800 K, where temperature measurement and 
control by use of conventional thermocouples present no 
serious problems. 
B. Heat Content and Heat Capacity 
The thermodynamic properties which can be determined 
experimentally are: (i) the integral enthalpies of mixing 
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(usually for liquid, but in some cases for solid alloys), (ii) 
the partial enthalpy of solution of one component of the 
alloy for liquid alloys, (iii) enthalpy increments and heat 
capacities for solid and liquid metals and alloys (all by 
calorimetry), and (iv) the partial molar Gibbs energy of one 
component of a solid or liquid alloy by measurement of the 
e.B.f, of a suitable electrochemical cell or by the 
measurement of the equilibrium partial pressure of one (or 
both) components over the solid or liquid alloy. 
Since the thermodynamics of liquid alloys is necessarily 
concerned with high temperatures, increasing efforts have been 
placed on the development of improved techniques for 
high-temperature calorimetry. Even though there is a certain 
degree of ambiguity in the way of categorizing calorimetry 
methods (11), one can still classify them as; adiabatic 
calorimetry, liquid metal solution calorimetry, differential 
microcalorimetry, drop calorimetry, lévitation drop 
calorimetry, pulse calorimetry, and exploding wire 
calorimetry. These are briefly described in the following. 
1. Adiabatic calorimetry 
Adiabatic calorimeters are used for determining heat 
capacities by measuring the temperature rise due to the input 
of a known amount of electrical energy under adiabatic 
conditions. 
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The heat of forcsatioa of solid alloys has been measured 
by electrical heating of a well-mixed powder to a temperature 
at which alloying takes place fairly rapidly. The electrical 
energy is subtracted from the total energy measured by the 
calorimeter to give the heat of formation, e.g., for Co-Ni 
alloys (12) and Cr-Fe alloys (13). 
The main disadvantage of adiabatic calorimetry is the 
upper limit of the attainable temperature. It becomes more 
difficult to maintain adiabatic conditions at very high 
temperatures. A detailed study of adiabatic calorimeters for 
use in the high temperature field has been made by Best and 
westrum (14). 
2. Differential microcalorimetcy 
In the differential microcalorimetry method (15), two 
matched calorimeters (twin-cell) are operated simultaneously 
in either the same or different jackets. One cell contains a 
standard system, and the other contains the system to be 
studied. The two calorimeters are kept at the same 
temperature by supplying electrical energy to one of them. By 
incorporating two sets of thermopiles around the two cells 
connected in opposition, a temperature difference of the order 
of 10-6OC can be detected. It is used where the total 
temperature change, the total amount of heat produced, or the 
rate of production of heat is small. 
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The differential aicrocalorimeter can be used to measure 
the heats of solution (mixing). The dynamic conduction type 
calorimeters can be used to measure specific heats and heats 
of transformation. Differential thermal analyzers and 
differential scanning calorimeters are available commercially. 
3, Drop calorinetry 
In the drop calorimetry method, the sample is heated to a 
high (or cooled to a low) temperature and then dropped into 
the calorimeter. The iuitial temperatures of the sample and 
the calorimeter and the final temperature of both at 
equilibrium along with the known heat capacity of the 
calorimeter determines the heat capacity, heat of 
transformation (16) , or heat of fusion of the sample. The 
calorimeter may consist of a highly conductive metal block or 
a container of liquid such as water. It may be in either an 
adiabatic or an isothermal jacket. For example, ice 
calorimeters use ice in an adiabatic jacket (17), One 
disadvantage is that the direct measurement of the enthalpy of 
the reaction or the enthalpy of mixing is not feasible. 
4. Lévitation calorinetry 
The principle of measurement is the same as in the drop 
calorimetry technique. The important innovation is the 
application of electromagnetic lévitation heating to the 
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sample. 
If an electric conductor is placed in an alternating 
electromagnetic field, opposing electric currents induced by 
transformer action are set up in it and flow around in swirls 
or eddies more commonly known as eddy currents. Heat is 
generated by these eddy currents according to the principle of 
r2p resistance heating (18). There is also a force exerted on 
the conductor when the current-carrying conductor is in a 
magnetic field, whose direction can be predicted by the 
left-hand (or motor) rule. For example, if the conductor is 
inside a solenoidal coil, the force exerted is mutually 
repulsive and is toward the axis (18). Hence, if the axis of 
the solenoidal coil or small-angle cone type coil is vertical, 
this force acts as a lévitation force on the conductor. 
This method eliminates the problem of providing a sample 
container material when the sample material is too reactive or 
has a high melting point. However, like the drop calorimetry 
method, the direct mixing enthalpies can not be measured. The 
lévitation calorimetry technigue has been used to determine 
heat contents of solid and liquid metals at high temperatures. 
The lévitation melting and vaporization technique has 
been successfully applied in the determination of activities 
in binary liquid alloys of Fe-Ni (19), and Ti-V (20) systems. 
Another technique was developed to measure densities of 
levitated liquid copper (21). 
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5. Puise calorimetry 
The method of pulse calorimetry is a high speed method 
developed principally by Cezairliyan at the the National 
Bureau of Standards, Washington D. C, Rapid self-heating by 
the passage of a subsecond-duration electric current in the 
range 1300 - 2200 amperes through a specimen in wire, tube, or 
strip form brings it to its melting point in 0.30 - 0.75 
seconds at a heating rate of 3000 - 8000 K/sec. With the use 
of a high-speed photoelectric pyrometer, the heat capacity, 
electrical resistivity, hemispherical total emissivity, and 
normal spectral emissivity were measured for Zr (22), Nb (23), 
W (24), Mo (25) and their alloys (25, 27). The same technique 
was also used to measure the fusion enthalpy of Nb (28), 
6. Exploding wire calorimetry 
The exploding wire method of Lebedev (29) is the 
fast-pulse method, i.e., faster than Cezairliyan's slow-pulse 
heating method. A single square current pulse (5x10* A/cmZ) 
is passed thcough a conducting wire in the very short time of 
10-5 seconds. The potential difference across the wire and 
the standard resistance are displayed on an oscilloscope 
screen, which also displays radiance oscillograms obtained 
using a photo-electric cell. With a technique developed for 
the measurement of temperature, the enthalpy of fusion and the 
specific heat of tungsten were determined (30) . 
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III. THEORY 
In describing the multicomponent systems, it is suggested 
that the building blocks must be the binary systems and not 
the pure substances (31). Unfortunately, the fact is that at 
present no generally satisfactory theory exists that provides 
a sound basis for either the prediction or the correlation of 
thermodynamic data for binary liquid mixtures (32), not to 
mention the binary liquid alloys. In order to shed some light 
onto this field, the structure of liquid metals and alloys is 
discussed briefly before the review of the theories available. 
A. Structure of Liquid Metals and Alloys 
There have beea intensive studies on the structure of 
liquid metals and alloys in recent years. Direct measurements 
of the structure by X-ray diffraction studies indicate that 
liquid Na (33), K (33), Cu (34, 35), Ag (36), and Au (36) 
behave as atomic packings of simple liquids. But a departure 
from simple mixing due to the occurrence of a special short 
interatomic distance interaction was observed for liquid Ga 
(37, 38), Ge (37), Sn (39), Hg (40), and Bi (41). This was 
deduced from the presence of a subsidiary maximum at the 
higher angle side of the main peak, and led to the accepted 
concept of a two-structure liquid, i.e., small clusters in 
dynamic equilibrium with a more randomly structured metallic 
matrix (42). This view is further supported by the work on Sn 
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(39), which shows the breakage of the clusters at higher 
temperatures, probably due to the more vigorous thermal motion 
of atoms. It was suggested in this work (39) that the 
structure of liguid tin consisted of 5 to 20 % clusters of 
grey tin floating in a matrix of white tin. 
There have beeo a few indirect experimental methods whose 
results are extended to indicate the presence of structure in 
liquids. The specific heat of liquid Sn (43) initially 
decreases up to 450<*C due to the normal processes of thermal 
weakening of the cohesion, and thereafter rapidly increases in 
the range from 450 to 750 °C where the structure of liquid tin 
may be approaching more closely that of a oonatomic liquid. 
The specific heat measurement of liquid Bi (44) showed a 
decrease from its melting point to 527oc, This is attributed 
to the presence of bismuth dimers in the liquid phase. Since 
dimers have a larger specific heat than monomers, the observed 
drop may be due to the progressive dissociation of dimers with 
increasing temperatures. 
The change of slope of the specific heat from negative to 
positive is observed in simple liquids such as Na (45) , and K 
(46) . This is interpreted as being due to a varying 
vibrational contribution to the specific heat which may arise 
from a change in the vibration spectrum with increasing 
temperatures (47, 48), 
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The thermal conductivity of Sn (49) decreases to about 
300°C and then increases above this temperature. The 
interpretation advanced is that the interatomic bonds of the 
solid state persist in the liyuid and gradually break down 
with increasing temperature so that the liquid becomes more 
monatomic in its character. 
Some of the physical properties, such as viscosity, 
density, surface tension, and other non-electronic parameters, 
are not considered to provide direct structural evidence (47, 
48) . 
The structure of liquid alloys has also been studied 
extensively by X-ray and neutron diffraction analysis. 
The simplest case is that of Na-K alloy, whose X-ray 
diffraction pattern corresponds to those of simple liquids, 
implying random substitutional (statistical) mixing (33). 
But many alloy systems studied exhibited a double main 
peak, such as for Au-Sn (37, 50, 51), Cu-Sn (52), Ag-Mg (53), 
Mg-Sn (54), Hg-Pb (55), Cu-Sb (56), Au-Al (57), Au-Ga (57), 
and Au-In (57) . 
These observations are interpreted as the occurrence of 
interactions at short interatomic distances similar to that 
which occur in the crystalline solids. That the atoms of one 
kind prefer to coordinate with those of another kind leads to 
the presupposition of certain chemical attractions, such as 
partially ionic attraction superimposed on the metallic 
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bonding (58) c Compound formation or segregation tendency in 
the melt may be determined by whether the experimental values 
lie, respectively, under or above the linearly interpolated 
line in a plot of the coordination number versus atomic 
percentage, as shown for Cu-Sb system (56, 59) . 
These works have disclosed some of the phenomena in 
atomic size levels, but much more work is needed to undertake 
a quantitative description of liquid metals structure. 
B. Emissivity 
& blackbody is a perfect emitter in each direction and at 
every wavelength, and the spectral radiation energy flux per 
unit wavelength is a function of absolute temperature and 
wavelength. This is known as Planck's distribution law (8) 
2 TTC^ 
®xb 5 cTTvf 
X ( e 2 - 1 ) 
where e^, = energy flux from a blackbody per unit wavelength 
Ab 
at wavelength X 
X = wavelength (cm) 
Ci = Planck's first constant, 5,9544 x 10-*' (**cm2) 
Cz = Planck's second constant, 1. 4388 (cm*K) 
For a non-blackbody, the spectral radiation is related 
to that of a blackbody at the same temperature by 
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e Xb 
where is the spectral emissivity. Here there another 
blackbody with the same energy fluxper unit wavelength e , the A 
radiation from that blackbody would be expressed as, 
2ttCi  
e 
where the apparent temperature of the non-blackbody, is 
thus defined as the temperature at which a blackbody would 
have a spectral energy flux per unit wavelength equal to e^, 
and is often called the brightness temperature. 
The emissivity e is given by the equation. 
®Xb 
-1 
^Cz/XTa _ 1 




T'f - 4' 
= e 
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At the wavelength aud the temperatures involved in this work, 
the error introduced by this approximation to Planck's law is 
less than 0.1 %. 
In general, the practice is to assign the "-ivity" suffix 
to intensive properties of materials, and the "-ance" suffix 
to extensive properties. The emittance property is an 
intensive property. In the study of radiation properties, the 
"-ivity" suffix is used for an optically smooth substance with 
an uncontaminated surface, and the "-ance suffix when the 
surface condition has to be specified. Since the clean liquid 
surface is optically smooth and unique, the term "emissivity" 
is used throughout the text. When referring to measurements 
on a solid surface, the term "emittance" is used. 
For the experimental determination of the emissivity, it 
is necessary only to measure the true temperature and 
brightness temperature. Then the last equation shown above 
gives the value of emissivity using the two temperatures 
measured. 
The prediction of emissivity by classical electromagnetic 
theory starts from the early work of Maxwell in 1864 <61) , who 
indicated that light itself is in the form of an 
electromagnetic wave. 
By considering the interaction of an incident 
electromagnetic wave and the medium surface, the relations 
between the emissivity and optical and electrical properties 
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were developed. The assumptions made in the derivation are: 
(i) the medium is isotropic, (ii) the medium has the same 
magnetic permeability as that of vacuum, (iii) its surface is 
optically smooth and chemically pure and clean, and (iv) there 
is no accumulation of static electric charge and no externally 
produced electrical conduction current. 
The result for normal spectral emissivity for a metal is 
given by the equation, 
4n 
(n+l)2 + 
where n is the simple refractive index of the medium, and k is 
the extinction coefficient of the medium. 
In 1894, Drude (62) was the first to derive the optical 
constants n and k of a metal in terms of the electrical 
conductivity and frequency. In Drude's homogeneous medium 
model, he used an approximation n=k for metals. His result 
for the normal spectral emissivity as a function of the 
electrical resistivity, , is given by the equation, 
e , = 0.365 - 0.067 (% + 0.006 (% - ••• 
nA A A A 
where is the electrical resistivity (ohm*cm) and X is the 
wavelength (cm). This is frequently referred to as the 
Hagen-Rubens relation as a result of the application of this 
equation to their extensive exper iaeotal tui.» 
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equation is limited to long wavelengths in excess of 12x10-* 
n, and completely breaks down in the visible region, i.e., of 
wavelength from 0.38x10-* to 0.78x10-* m. 
Drude later in 1904 (62), proposed the free-electron 
model where the high conductivity of a metal is due to the 
free electrons which oscillate under the influence of the 
incident electromagnetic wave. Using two parameters, the 
density of free electrons, and the average time between 
collisions of the free electron with the atomic lattice, he 
derived the optical constants n and k. 
Roberts (63) revived the theory of multi-free and bound 
electrons, which was originally proposed by Drude. In this 
theory, the additional bound electrons are bound and oscillate 
in their equilibrium positions like the classical damped 
harmonic oscillators. This realistic model requires a number 
of parameters and, hence, does not readily permit prediction 
or estimation of the optical properties. 
Parker and Abbott (64) developed Drude's free-electron 
model by considering the relaxation time to be finite rather 
than negligible. 
Schocken (65) recently developed a more generalized 
quantum theory to determine the optical constants. While this 
theory has not been tested rigorously, it is thought to bear 
evidence that the approach could eventually be utilized. 
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It has been found that comparison of theory with 
experiment is not always adequate for even the refined 
theories. Even though the Hagen-Rubens equation is valid for 
only very long wavelengths, it is the equation that is most 
often used to predict emissivity because of its simplicity and 
its fair agreement with experimental values in many cases. It 
is also very useful since it lends itself readily to 
computation of hemispherical and directional total 
emissivities, which are very important for eacjineering 
purposes. 
C, Heat Content and Heat Capacity 
1. Thermodynamic functions and notations 
The symbol "A" refers to the difference between the 
values of the actual and reference state properties. The 
subscript "M", "vap", "trans", or "fus" refers to mixing, 
vaporization, transformation, or fusion, respectively. The 
subscripts i and j, 1 and 2, or A and B refer to components. 
The superscript refers to a partial molar quantity. 
The superscript "E" refers to the excess function, which is 
the difference between the real and ideal values of the 
thermodynamic function at the same temperature, pressure and 
composition. Thermodynamic functions used are on a per-mole 
basis. 
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2. Ideal solutions 
In ideal solutions, intermolecular forces between unlike 
molecules are the same as those between like molecules (66). 
It follows that the fugacity of every component is 
proportional to some suitable measure of its concentration, 
which is usually taken to be the mole fraction (66). 
That is, 
-  «X 
where f is the fugacity of component i, x is its mole 
i i 
fraction, and f? is the fugacity of component i in the 
standard state. For non-ideal solutions, f. = y.x.f., where y. 
1 1 X 1 -L 
is an appropriately defined activity coefficient that 
approaches unity for an ideal solution. 
Then from its definition (66) , it follows that the 
chemical potential is related to the fugacity by 
f. 
y. - = RT In —— 
11 f° 
= RT In 
for an ideal solution where y° corresponds to the standard 
state. Since the intermolecular forces are the same in an 
ideal solution, there is no change in the energy states on 
mixing, and therefore 
A U  =  A H  = 0  
M M 
2 0  
Also from the definition of chemical potential, 
"i = f—) 1 \ 3n^ / T,P,n^ 
and using Euler's theorem, we have 
" = iSl 
It therefore follows that for an ideal solution 
M ^ AG = RT 2 X. In X. 
1=1 ^ ^ 
and 
A qM _ ( AH^ - AG^ ) Û — ip 
n 
= -R E ' X. In X, 
1=1 ^ ' 
The above result for ASj^ can also be derived from 
statistical mechanics with the assumption that the molecules 
are randomly distributed on the lattice sites (67), 
3. Regular solutions 
In 1910, van Laar (68) considered a binary liquid mixture 
with the assumption that the two liquids mix at constant 
temperature and pressure in such a manner that there is no 
E 
volume change, i.e., AV =0 and that the entropy of mixing 
is given by that corresponding to an ideal solution, i.e.. 
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E  
A S  = 0 .  
From the relations. 
+ PV^ - TS^ 
+ pv^ 
the assumptions lead to 
A G ®  =  A U ®  =  A H ®  
Van Laar then showed that 
43E /7i7 ^ _ V°i -JJz] 
^ ''l ^2' 
where x's are mole fractions, and a*s and b*s are the 
parameters in the van der Waals equation. 
( p , i ) ( v - b ) = R T  
Hildebrand later defined a regular solution as one in 
which the components mix with no excess entropy provided there 
is no volume change upon mixing (69). In regular solutions 
intermolecular forces are no longer equal as in the ideal 
solution, and molecules may be unequal in size with moderate 
differences, Hildebrand (59) and Scatchard (70), through 
their independent works, improved van Laar's equation by 
substituting cohesive-energy density terms for the inexact 
parameters a and b in the van der Waals equation. These terms 
are defined by 
A U 
c = vap 
where AU is the energy of vaporization and v, is the molal 
vap 1 
liquid volume for the pure component. 
They obtained as a final result 
AG^ = AtJ^ » AH® 
= < ^11 + ^ 2 - ^ 2 ' *1*2 ' Vl + ==2^2 ' 
where and C22 refer to interactions between like 
molecules, 0^2 refers to interactions between unlike 
molecules, and (t)'s are volume fractions. With a further 
assumption that the mixing rule takes the form 
^12 ~ ^11^22 
they showed that 
2 
AG = V 0^*2 ( ~ ^2^ 
where V is the molar volume of the solution, and 5^ and 6^ ^ re 
the square roots of the cohesive-energy terms ^^d C22) » 
which are called the solubility parameters. 
If the molecules are assumed to be located on lattice 
sites with a coordination number Z, the cohesive-energy 
density term can be replaced by the interchange energy w, 
defined by 
23 
~ ^  [®12 " 2 ®22^J 
where ®22' ®12 P*ic potential energies of 1-1 
pairs, 2-2 pairs, and 1-2 pairs, respectively. Then 2H/Z will 
be the energy required to change one 1-1 pair and one 2-2 pair 
into two 1-2 pairs. 
The result is 
AG — AH — Au — N Xj^X2W 
where N is the Avogadro's number. 
4. Sub-regular solutions 
The sub-regular solution model was proposed by Hardy 
(71), who introduced the parameter à into the regular solution 
model, 
AH® = N XyXg -w 
= A X^Xg 
such that the excess enthalpy change becomes a rectilinear 
function of composition, 
AH® = ( A ^x^ -+ AgXg ) X^Xg 
= A^x^ Xg + A2*l*2 
In the limits where x^ or x^ approach 0 or 1, the partial heat 
of solution at infinite dilution, A^ and A^ become equal to 
the terms H and H_ respectively. 
1 ^ 
Then the sub-regular solution model can be given by 
E 2— 0° 2—0° 
AH = Xg 2 
This model was particularly advocated by Leach, who described 
the heat of mixing behavior of àu-Sn and àu-Pt systems (72) . 
5. Quasi-chemical approximation (Quasi-lattice theory) 
If the distribution of molecules is perfectly random for 
a change of atonic contacts, 
AA + BB =ps= 2AB 
and the egnilibrium constant can be given by 
2 
^ _ (number of A-B contacts) 
(number of A-A contacts)x(number of B-B contacts) 
= 4 
where 
number of A-A contacts = n~+^ ) ~ ^  (n^-y) 
number of B-B contacts = ^ ^n^ ^  j ^ (n^-y) 
number of A-B contacts = — (n^ + "s 
= NZy 
n^, n^ = number of moles of k and B, respectively, and y is 
the number of A-B contacts in moles. 
Then the substitution of the above three expressions into the 
equation for the eyuiiibrium constant gives. 
Y = (n^-y)(ng-y) 
In the quasi-chemical approximation, the above equation 
is replaced by 
y = (na-yj(ng-y) -v/kT 
where k is Boltzmann's constant. This form takes account of 
the interchange energy which results in non-random mixing 
(73) . There is no volume change upon mixing from the 
assumption that the atomic sizes are equal, i.e.. 
AV^ = 0 
and the results are shown as 
AH^ = AU^ = N x^x^-w 
1+3 
r 0-1+2X, ^ 3-1+2x2 
AG = I + + 
2- "  
RT 
AS^ = AH^ - AG^ 
where 
3 = 1 + 4X1X2 (exp(^) - ^ 
1 1/2 
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The significance of the results can best be seen by expanding 
them in power series, 
h " (A) *1*2 F 1 - (^)*1*2 + ^ 
RT " *1*2 f ^ " 2(zi^)*l*2 ^ 
OT ^ " (ët) *1*2 f 2 (zi^)*l*2 ^ 
In the limit as {2w/ZkT) -»-0, then 
In other words, as the interchange energy becomes small 
compared to the thermal energy kT, or simply as the 
temperature rises, the randomness increases. 
6. Surrounded atom model 
The surrounded atom model is an improvement upon the 
guasi-chemical model, made by Mathieu, Bonnier, and their 
colleagues (74, 75, 76) . 
Instead of atom pairs they considered an atom of 
component à surrounded in the lattice exclusively by atoms of 
the same kind, then an à atom having one B atom as its nearest 
neighbor with (Z - 1) atoms of A, an A atom with two B 
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neighbors and (Z-2) atoms of k, etc., up to aa k atom 
completely surrounded by B neighbors. The same reasoning 
also applied to a B atom. 
The excess enthalpy in this case is given by 
AH® = I cj" X xJ" E m (2Z-m) 
ni=i Z A B A 
? n n Z+1—n 
+  E  C X X En (2Z-n) 
n=l Z A B B 
where 
, m Z! 
'z ~ ml (Z-m)î 
— 00 —00 
(2Z-l)Hg - ZH^ 
^A Z(Z-l)(Z-3) 
' Â -
— OO —00 
(2Z-l)Ha - ZH-
E„ = B " Z(Z-l)(Z-3) 
E 
and AV = 0 
7. Free-volume theory 
In contrast to the models described above, the free-
volume theory takes into account the structural parameters 
the material, such as packing density {or free volume), 
isobaric expansivity a r isothermal compressibility K, 
adiabatic compressibility K^r and excess volume of mixing. 
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Two advantages over the other approaches to metals are 
the capability to describe properties of pure components as 
well as functions of mixing, and the capability to describe 
volumetric properties. 
Through statistical thermodynamics Flory (77) derived the 
theoretical expressions for the free energy, enthalpy, entropy 
and excess volume of mixing. 
(^ - è ) •" V2 ^2 ' V ) 
* z 
®2 ^ 12 
= -3 I I 111(4^1 - 3 M \ / "-"Ul/S . 
\V —. 
+ R(x^ln0^ + Xgln^g) 
AV^ = (V - «.^Vj - «.jVj) (XjV* + x^V*) 
* 
where = hard-core volume per mole of molecules 
V. = molar volume 
1 
V = reduced volume 
Pi = characteristic pressure 
= T V? a. / K. 11 1 
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i = hard core volume fraction 
x . V *  
1 1 
*  *  
x . V .  +  x . V .  
11 J J 
X  = interaction parameter 
= (4^Pj + - P*)/ 
And V^ , T^, Vj^ can be obtained from the following relations: 
= I—Î—+1^' 
3 ( 1 + a T )  
' \ j  T  
T .  =  
», 1/3- 1 
i T' %.4/3 
1 
'v, p Pk-
° ° TÎ.2 a. 
Using estimated values where experimental data for liquid 
metals were not available, Brostow (78) found satisfactory 
agreement between the theory and the experimental data for 
Sn-Zn, Sn-Pb, Sn-Bi, Sn-Ag, and Sn-Au alloys. 
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8. Excess heat capacity 
The temperature dependence of the excess properties has 
long been givea too little attention. The excess heat 
capacity Cp^ is related to the excess enthalpy by the 
equation. 
From the definition, however, the heat capacity Cp of an 
ideal solution is given by the relation, 
S ~ i 
Generally speaking, the liquid state has been a much more 
difficnlt subject for theoretical treatment than either the 
solid or the gas. Hence, no simple geueral rule exists for 
combining specific heats of the pure elements to give the 
specific heat of a liquid solution. 
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IV. EXPERIMENTS 
A. Emissivity Measurement 
1. Sample Preparation 
The copper sample was 99.999 % pure and oxygen-free. The 
required amount of copper was first mechanically polished and 
then electro polished at room temperature (79, 80) in 20 - 30 
vol. 55 phosphoric acid in distilled water at 4 - 6 A and 40 -
60 V, depending on the surface roughness, using a D.C. power 
source (Buehler Ltd., Model No. 70-1725 AB Electroaet 
Polisher). The cathode used was a 3.81 cm diameter stainless 
steel disc, and the aaode was a pair of platinum wires 
silver-soldered to a pair of right-angle, needle-nosed 
pliers. 
After 3-10 minutes of electropolishing, the sample was 
rinsed with clean methanol from a squirt bottle. It was 
immediately immersed in a beaker containing methanol. The 
beaker was then placed in an ultrasonic cleaner (Bransonic 
Ultrasonic Cleaner 220, distributed by Alfa Products, working 
frequency: 50-55 kHz) for five minutes to complete the 
rinsing.- This ultrasonic cleaning process was repeated three 
times, changing the methanol bath afresh each time. 
The cerium was 99.83 % pure and was prepared within the 
Ames Laboratory of the OSDOE (81, 82) in button form weighing 
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1 - 2  g r a n s .  T h e  a n a l y s i s  f o r  t h e  i m p u r i t i e s  i n  t h e  p u r e  
cerium is shown in Table I, 
The cerium specimens were first mechanically polished and 
then electropolished (83, 84) in 6 vol. % perchloric acid in 
absolute methanol. The electrolyte bath was stirred and 
maintained at -76®C by passing liquid nitrogen through 4,763 
mm OD copper tubing wound and immersed in the bath. 
The same electropolishing equipment was used for cerium 
as for copper. 
Good electropolished surfaces were obtained after 
applying 30 - 40 V D.C. and 1-26 for about 5-10 minutes. 
Samples were rinsed in the same way as for the copper except 
that the temperature of the bath was gradually changed from 
-76°C to room temperature. This was necessary because the 
sudden change in bath temperature led to darkening of the 
electropolished surface, 
2. Equipment 
The main part of the equipment for emissivity measurement 
work is shown in Figure 1. It was first set up and used by 
Stretz (85) and Baria and Bautista (86) , and a few 
modifications were made as described below. Other details of 
the equipment were the same as the initial one. The 
arrangement of the associated equipment is shown in Figure 2. 
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Table I, Impurities in cerium* (atomic ppm) 
H 2 2 77 Pd 
CM V
 Cr 7.6 Bh <.07 
Li <. 1 Ag <.2 tin .45 Tl <.06 
Be <.002 Cd <.06 Fe 60 Pb <.2 
B <.2 In <.05 Co <.04 Bi <.05 
C 2 47 SQ <. 1 Ni <5 Ce -
0 2 525 Sb <.04 Cu 2.8 La .40 
F 2 324 Te <.06 Zn .6 Pr 5 
Na 10 I <.04 G 3L <5 Nd 7 
Hg .3 CS <.004 Ge <.5 Sm <.7 
A1 .4 Ba <.6 As <.02 Eu <.2 
Si 2.5 Hf 5 se <.5 Gd 20 
P .2 Ta 20 Kr <2 Tb 160 





Cl 20 Be <.8 Sc <.02 Ho 4 
K 4 Os <2 Y 20 Er 10 
Ca 6 Ir <.3 Zr <.8 Tm . 1 
Sc .6 Ft <.4 Nb <1 Yb <.3 
Ti <.2 Au .30 Bo <.8 Lu 3 
V .1 Hg <.2 Eu <.3 Th <10 
U <.3 
* All by mass spectrometric analysis, 
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Figure 1. Cross sectional view of the heating unit to measure 








































Figure 2. Schematic drawing of the apparatus for emissiwity measurement 
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3. Sample container and supporter 
The eaissivity La this work was measured by the integral 
blackbody comparison method. The blackbody was surrounded by 
the liquid sample to form an integral blackbody cavity. The 
advantages over the separate blackbody comparison method are 
the thermal proximity to the sample, easy temperature control, 
and the same optical path for the blackbody and the sample 
surface (87). 
The blackbody was a cylindrical cavity, dimensioned to be 
of more than 99% blackness. The 1 % difference leads to an 
error of 0.8oc at 1336 K (gold point) and 1.8°C at 2000 K, at 
a wavelength of 645 nm. The blackness of a cylindrical cavity 
changes as a function of wall emittance and the ratio of depth 
to diameter (88, 89). The ratio of depth to diameter should 
be seven for materials whose normal spectral emittance is 0.5 
in order to be 99 % black. In practice, the emittance 
increases with the surface roughness due to the multiple 
reflections in the cavities between the roughness elements 
(90) . Recent experimental work on tantalum (86) revealed that 
the emittance of an electropolished surface is 0.43 and that 
of a mechanically polished surface is 0.55. It was then 
believed sufficient to make the depth of the cylindrical 
cavity eight times its diameter for a roughly machined 
tantalum surface in order to have more than 99 % blackness 
(89) . 
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Since the target size for the pyrometer was 1.219 mm, the 
diameter of the cylindrical cavity was chosen to be 1.321 mm 
(the next larger size drill bit) and the depth to be 10.922 
mm. 
The crucible was made of commercial grade tantalum in the 
form of 19.05 mm OD tubing 0.508 mm thick, 3.17 5 mm diameter 
rod, and 19.05 mm diameter disc, 0.762 mm thick. After 
drilling a cylindrical cavity of 1.321 mm diameter and 10.922 
mm depth into the 3.175 mm rod, these pieces were 
electron-beam welded to have a height of 12.70 mm as shown in 
Figure 3. 
To have the cavity at the center of the 3.175 mm rod 
instead of locating it at the edge (85) is thought to 
eliminate the potential temperature gradient over the inside 
walls of the cavity. 
The crucible supporter, as shown in Figure 1, was 9.525 
mm OD tantalum tubing with knife-edged ends to reduce the heat 
conduction from the crucible. It was split lengthwise for 
6.35 cm to prevent it from acting as a susceptor in the 
alternating magnetic field. 
The tantalum supporter was secured inside a 9.525 mm ID 
stainless steel pipe by two Allen screws. The top section of 
the stainless steel pipe was water-cooled, and the bottom part 
was turned down to provide a lip by which the pipe rests on 
the stainless steel baseplate. 
19.050 mm O.D. x 0.508 mm THICKNESS 
BLACKBODY HOLE 
1.321 mm DIA. x 10.668 mm DEPTH 
3.175 mm DIA. ROD 
12,700 mm 
BOTTOM DISC FROM 0.508 mm 
THICK SHEET ELECTRON-BEAM 
WELDED 
Figure 3. Tantalum crucible with integrated blackbody cavity 
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4. System enclosure and atmosphere 
The whole system was enclosed by a 7,62 cm ID pyrex glass 
column, a stainless steel baseplate, and a headplate. 0-rings 
were used for vacuum sealing. The headplate was a 10.16 cm 
diameter stainless steel plate with a 2.54 cm diameter hole 
for viewing through an optically flat quartz glass window 
mounted on it. There were two 0.6 35 cm diameter holes through 
which protective shutters were manually operated. The 
baseplate was 12.70 cm in diameter and 1.905 cm thick with two 
pairs of cooling water channels drilled inside. It also had 
five 0.635 cm diameter holes as inlets to the vacuum system 
beneath it. 
The vacuum system consisted of an oil-diffusion pump and 
a mechanical fore pump (NEC Model 3305 6-inch Mobile High 
Vacuum Pumping System) supported on a steel pipe frame. The 
lowest pressure attainable was 6.67X10-® Pa, and the pressure 
was monitored by one ionization gauge and two thermocouple 
gauges (NBC 831 Thermocouple/Ionization Gauge Control). 
However, the vibration generated by the mechanical pump was so 
great that it had to be separated from the main frame, and the 
rest of the pumping system was placed on an isolation pad, 
solid concrete slab 1.22 m square and 1.83 m deep. 
UHP grade argon of 99.999 % purity (Scientific Gas 
Products Inc.) was used as the inert atmosphere. It was 
passed through a molecular sieve to remove any residual 
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moisture and then through a titanium sponge housed in a 
stainless steel tube, 2.54 cm in diameter and 61.0 cm long, 
and maintained at 620oc to remove oxygen. 
5. Heating equipment 
The sample was inductively heated by an RF (radio 
frequency) generator, a work coil, and a magnetic field 
concentrator. The RF generator used was an ECCO High 
Frequency Model PO-10 PSC Power Oscillator with a 20 kW power 
output operating at a frequency of about 3.9 MHz. The power 
supplied to the generator from the A.C. line was 56 A at 208 
V. 
The work coil comprised four turns of 0.635 cm CD soft 
copper tubing, located outside of the pyrex glass column, with 
an approximate diameter of 10.16 cm and a spacing of 1.905 cm. 
Cooling water from the RF generator was passed through this 
coil and sent back to the RF generator. The work coil and the 
BF generator were connected Jay a pair of special rubber leads 
through which cooling water was running. 
The magnetic field concentrator was used to transform the 
magnetic field of the multi-turn coil and direct it so that 
the magnetic flux was concentrated (91) on the sample and the 
crucible. It was patterned after one being used in the Ames 
Laboratory (92). 
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6. Temperature measuring eguipmeat 
Both the brightness temperature and true temperature were 
measured with an optical pyrometer and associated components, 
such as a shutter, a quartz glass window, a right-angle prism, 
and a rotary indexing table. 
The pyrometer used was a Leeds and Northrup 8641 
Precision Automatic Optical Pyrometer with effective 
wavelength 645 nm and equipped with an optional 1:35, f=135 mm 
lens and three extension tubes. Leeds and Northrop calibrated 
this pyrometer against their NBS standard at the gold point. 
Some of the features of the pyrometer are shown in Table II. 
Since the refraction and reflection of light are very 
strongly dependent on the light path and, hence, the prism 
alignment angle (93) , the pyrometer was mounted on a rotary 
indexing table (Sears 6 Roebuck Co., Catalog No, 9X2495L) to 
maintain the same optical path throughout the measurements. 
The rotary indexing table was equipped with two positioning 
screws perpendicular to each other and one rotating screw. 
One of the positioning screws was used for focusing, and the 
other was for moving the pyrometer horizontally to sight 
different locations on the sample surface. The direction of 
movement was perpendicular to the optical path. The indexing 
table was installed upside-down in order to be able to rotate 
the pyrometer exactly perpendicular to the optical path and 
maintain the same optical distance while moving the pyrometer. 
42 
Table II, Leeds 5 Northrup 8641 Precision Automatic Optical 
Pyrometer 
Function : Automatically adjusts standard-lamp current 
to be a measure of temperature of a target 
on which pyrometer is sighted. 
Bange 6 Error: Low - 775 to 1225*0 ± 
Medium - 1075 to 1750*0 ± 6°C at 1225*0 
± 8*C at 1750*0 
High - 1500 to 2800*0 ± 14*0 at 1750*0 
t 18*0 at 2540*0 
Target : Diameter - 1,219 mm 
Distance - 29.21 cm to 31,43 cm 
(with three extension tubes) 
Resolution : 0.5*0 for 1 second balance time at 1063*0 
Response Time: 1 second 
Effective 
Wavelength : 645 nm (Approx.) 
Radiation 
Pass Band : 35 am (Approx.) 
The output ia millivolts was recorded with a digital 
voltmeter (Hewlett-Packard Multimeter Model No. 3490A) and a 
printout unit (Hewlett-Packard Thermal Printer Model No. 
5150A). A chart recorder (Sargent Becorder Model MB) was used 
to monitor the temperature change and to make sure that the 
steady state was attained before each recording, 
A right-angle prism was used to bend the light path 9 0® 
so the sample could be viewed from the top while the pyrometer 
moved horizontally on the rotary indexing table. 
The quartz glass window was 1.5 88 mm thick and was 
polished to be optically flat. It was adjusted to be 
horizontal so as to make it parallel with the liquid metal 
surface. 
The two shutters were located below the window to protect 
it and to minimize the window fogging by the condensation of 
metallic vapor. These were opened only when the temperature 
measurements with the pyrometer were made. 
The calibration due to the absorption of light by the 
quartz windoa and the prism were made as described in the Data 
Reduction Section. 
7. Run procedure 
At the beginning of an experiment, a tantalum crucible 
was cleaned in a mixture of 50% hydrofluoric acid and 50% 
nitric acid and then rinsed in the methanol bath with the 
44 
ultrasooic cleaner. 
The crucible was placed at the center of the 
concentrator, evacuated down to a pressure less than 1.33X10-* 
Pa, and heated to approximately ISOQOC for the outgassing. 
During the outgassing the peak pressure often rose to over 
6,67X10-3 Pa but could then be decreased to the initial 
pressure again in about two hours. Argon gas was then passed 
through the system to cool it in aa inert atmosphere. 
The known amount of electropolished sample material was 
put in the crucible, evacuated, outgassed, argon-filled and 
then melted. Since the crucible usually could not be filled 
completely at one time, additional sample was melted as many 
as two or three times to obtain the flat, horizontal liquid 
surface. To reduce the vapor condensation, especially on the 
window, the system was maintained at a pressure of I.ISIXIQS 
Pa of argon. 
A perfectly horizontal liguid surface could not always be 
obtained due to inaccurate volume measurements of solid 
samples and volume changes on heating. In such cases, a 
slightly convex surface was preferred rather than a concave 
surface in order to eliminate the effect of multiple 
reflections by the surface. 
The temperature change of the sample was monitored by the 
chart recorder connected to the pyrometer. The pyrometer was 
focused on the blackbody hole located at the center of the 
crucible, because the blackbody showed the slowest response to 
the temperature change. During the heating or cooling period, 
the shutters remained closed. Only after the temperature 
reached a plateau, i.e., thermal steady state, were the 
shutters opened aad the output millivolts printed by the 
printout unit. The pyrometer was moved horizontally from the 
left side to the right side (or in the reverse direction) with 
a brief stop at the blackbody located at the center of the 
crucible. This usually took less than 30 seconds, and 
afterwards the shutters were closed and the power reset to a 
new value. 
B. Heat Content Measurement 
The lévitation force depends on both the magnetic field 
strength and the field strength gradient, and it should be at 
least equal to the weight of the charge. The field strength 
is enhanced by a higher number of turns of the coil per unit 
length, a smaller diameter of the turns and a higher coil 
current. The field divergence is aaximum when the lover coil 
has a 30 - 40® angle in the form of an inverted, truncated 
cone. A second converging field coil above the lower 
diverging field coil not only stabilizes the charge but also 
increases the field gradient (94). A number of coil designs 
have been suggested (95, 96, 97), Charges with lower 
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electrical resitivity and larger size experience a stronger 
lévitation force (94). Separation of the upper and lower sets 
of coils also affects the lévitation force (98). 
The sample temperature can be controlled by several 
factors, such as the power input to the lévitation coil, the 
mass and electrical resistivity of the sample, and the mixing 
ratio of Ar-He atmosphere. Other than the power control, the 
sample itself is a major factor in the temperature control. 
Higher temperatures are obtained for samples of larger size or 
density because these are heavy and levitate lower in a coil 
of higher field strength; and similarly, the same applies for 
samples of higher resistivity because the induced currents are 
smaller and the repulsive lévitation force is also smaller. 
Once the sample levitates close to the coil, the stronger 
magnetic field generates more heat in it. 
The heat generated in the sample is proportional to the 
square of the voltage (or current) impressed on the coil. 
However, there is also an adverse effect on the final 
temperature because the increased power also increases the 
lévitation force, and the sample suscepts less of the field, 
which in turn results in less heat generated. Usually this 
transition occurs at relatively low levels of power input. 
Modes of beat loss also affect the temperature. 
Operation under vacuum eliminates convection and conduction 
but is otherwise prohibited due to the glow discharge from the 
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lévitation coil. Adjusting the inert argon-helium mixture 
ratio is a relatively effective way of controlling the final 
temperature, since the thermal conductivity of helium is more 
than eight times that of argon at temperatures above 1000 K 
(99) . 
The calorimeter consisted of two main parts: a metal 
block into which a heated sample was dropped and aa isothermal 
jacket immersed in a constant-temperature bath. The 
temperature rise of the block before and after the sample drop 
was recorded and used to yield the net increase of the 
temperature of the block. The heat content of the sample was 
calculated simply by. 
where (H,p - Hj) is the enthalpy change in joules per mole 
between T and T^, T is the sample temperature before the drop, 
Tj is the temperature of the thermal jacket, is the heat 
capacity (specific heat times total mass) of the metal block, 
AT is the net increase of temperature, m is the mass of the 
sample dropped, and M is the molecular weight of the sample. 
The calculation of the net temperature change is shown in 
Chapter V, 
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1. Sample préparation 
The same copper and cerium materials as used for the 
emissivity measurements were used for the heat content 
determination. Stoichiometric amounts of pure copper and 
cerium were arc-melted to have homogeneous compositions of 
approximately 10, 20, 30, .atomic % and made into button 
form weighing from 0.5 to 2 grams. 
Due to the high oxidation rate of cerium-cop per alloys, 
all the samples were cleaned immediately before each run. 
Mechanical polishing with a rotating wire brush and a smooth 
file gave satisfactorily clean surfaces. 
2. Equipment 
The whole assembly of the calorimeter is shown to scale 
in Figure 4. All the components used in the calorimetry work 
were arranged as in Figure 5, 
3. Lévitation coil 
The lévitation coils were wound from 3.175 mm, OD soft, 
oxygen-free copper tubing. The lower set of the coil was one 
of either solenoidal, conical, or reverse conical type with 
6.35 mm to 9.525 mm inside diameter. The inside diameter was 
changed from time to time depending on the sample size so as 
to avoid contact between coil and sample at the time of the 
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diameter than the lower set to prevent the sample from jumping 
out of the position. The gap between the two sets of coils 
was also adjusted for the stabilization of the levitated 
sample. The axis of the lower coil was checked and kept 
vertical to prevent the sample from falling away from a 
vertical line during the sample drop. The two ends of the 
coil were connected to the power source ty Swagelok 
connectors, 
4. Lévitation chamber 
The lévitation chamber was a modified 1 liter round 
bottom pyrex flask with four major ports. 
The biggest port on the left side (as shown in Figure 4) 
was the opening for the lévitation coil, which was firmly 
fixed by the outside holder. The port on the right side was 
connected to a 65/40 socket with an optically flat quartz 
window at its end for pyrometer viewing. This socket had an 
inlet for gas to sweep away metal fumes and provide a clean 
optical path for the pyrometer. The port at the bottom 
permitted the heated sample to drop to the calorimeter block. 
The one at the top was for the insertion of samples, and it 
contained a gas outlet on its right side, 
5. Drop tube 
The drop tube was a section of 5.08 cm ID pyrex column 
with a tapered bottom end for clamping to the radiation gate 
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assembly. The top of the section was cut and welded to a 
55/50 outer taper joint for connection to the lévitation 
chamber. An 0-ring was inserted between them. 
6. Radiation gate assembly 
The radiation gate was actually a 2.54 cm ID Nibco gate 
valve modified to have two flanges at its ends. The drop tube 
was clamped to the top flange. The bottom flange served as 
the lid for the calorimeter jacket. It was made of brass 
sheet, 6.35 mm thick, and chrome-plated to reduce the heat 
leak to and from the calorimeter block. It contained two 
outlets, one for the operating lever of the block cover gate, 
and the other for the cable from the guartz thermometer 
installed within the block, 
7. Calorimeter assembly 
The calorimeter block was a gold-plated copper cylinder 
of 6.35 cm diameter and 19, 685 cm height. The receiving well, 
shaped like a truncated cone, was located in the center of the 
top of the block. It was 3.175 cm in diameter at the top and 
1.905 cm at the bottom, and 7.62 cm deep. Previous workers 
used a sample receiving cup made of copper and an inner liner 
made of copper or tantalum foil. In order to increase the 
accuracy of the heat content measurement and the chemical 
analysis of the sample, tantalum cups machined to fit the 
cone-shaped well were used instead. The use of the tantalum 
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cup had two advantages over the combination of a copper cup 
and a tantalum liner. These were the better heat transfer 
rate from the sample to the calorimeter block, and the ease of 
sample removal for composition analysis. The sample alloys 
could be dissolved in concentrated nitric acid while the 
tantalum remained intact. 
& tantalum cup was made of tantalum tubing, 0. 508 mm 
thick and 1.905 cm OD, and 0.762 mm thick tantalum sheet. It 
was made by repeated forging onto a mandrel and annealing at 
600®C in a vacuus oven, followed by electron-beam welding of 
the bottom disc. 
The quartz thermometer probe was placed 16 cm from the 
top in a 9.525 mm diameter hole drilled from the top to the 
bottom of the copper block. The center of the hole was at 
9.525 mm inward from the edge of the block. The bottom of the 
hole was blocked by a threaded plug, and a sleeve was inserted 
in the upper portion of the hole. 
The block cover gate was a 3.175 mm thick copper disc 
with an offset operating handle. It was provided to prevent 
conduction and radiation losses after the sample drop. The 
operating rod and the handle were constructed from nylon to 
reduce the heat loss through physical contact. An 0-ring and 
a small spring were used to force the cover gate tightly 
against the block and to seal the jacket gas-tight. 
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The calorimeter jacket was a shiny chrome-plated brass 
tube, 10.16 cm OD and 22.225 cm long, with 6.35 ma wall 
thickness. & 6.35 mm thick brass plate for the bottom and a 
top flange, 6.35 mm thick and 19.05 mm wide, were 
silver-soldered to the tube. The top flange contained a seat 
for a neoprene 0-ring. 
A bakelite centering ring with four knife-edges and a 
bakelite mount riug with three knife-edges were used to center 
the calorimeter block in the jacket. 
8. Isothermal bath and its control 
The isothermal bath was a stainless steel tank, 45.72 cm 
in diameter and 50.8 cm deep, contained in a 60.96 cm-cubic 
wooden box. At least 7.6 cm of attic insulation (veraiculite) 
surrounded the tank. 
Temperature control of the isothermal water bath was 
achieved by heating it with a 500 watt Calrod heater. Cooling 
was not necessary because the bath temperature (25°C) was 
higher than the ambient. The power to the heater was 
controlled by a Precision Temperature Controller (Bayley 
Instrument Co. , Model No. 252) . However, high-frequency 
interference resulted in an increased power input to the 
heater and hence a higher bath temperature. A Hicroset 
Thermoregulator (Precision Scientific Co., Catalog No. 62541) 
along with an Electronic Relay (Precision Scientific Co., 
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Catalog No. 62690) was used to solve the problem. Thus the 
relay, activated only by the thermoregulator, closed the 
circuit, and the controller sent power to the heater in 
proportion to the temperature difference, otherwise the relay 
circuit remained open. The bath temperature was maintained at 
25.000 ± 0.006 °C, even when the high-frequency generator was 
in operation. The water bath was circulated by an impeller 
type stirrer, 
9. Inert gas atmosphere 
Ultra pure (99.999%) argon and helium were used for the 
inert gas atmosphere in the lévitation chamber. As described 
in Section B of Chapter IV, varying the composition of the 
argon and helium mixture was a way of controlling the 
levitated sample temperature due to the different thermal 
conductivities and the different heat losses. 
The gas mixture was further purified by passing it 
through a titanium sponge at 620®C to remove residual oxygen 
and a molecular sieve to remove residual moisture as described 
previously. The gas stream was brought to the temperature of 
the isothermal bath before feeding to the calorimeter assembly 
by passing it through a coil of 6.35 mm OD stainless steel 
tubing immersed in the bath. Three different gas inlets were 
provided to accomplish faster homogenization of the inert gas 
atmosphere with reduced gas currents. 
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10. Power source and control 
The high-frequency generator used was a Lepel, Model No, 
T-20-3-KC-F-S, with maximum power output of 20 kw at 460 V and 
60 A and a frequency of 250 to 450 kHz, 
Since the lévitation coil was too small compared to the 
full capacity of the generator, matching was necessary by 
means of a step-down transformer. The primary coil was 12 
turns of 6,35 mm OD soft copper tubing with a coil diameter of 
15.24 cm. The secondary coil was 3.5 turns of 1.27 cm OD 
copper tubing wound around the primary coil. Polyethylene 
sheet was inserted between the two coils for insulation. 
Glyptal insulating paint {trademark for General Electric's 
1201 red enamel) was used to prevent shorting. 
The cooling water for the primary coil was supplied by 
the generator cooling system, while the in-house cooling water 
pressurized by a booster pump was supplied to the secondary 
and lévitation coils. 
The power input from the generator to the lévitation coil 
was controlled by a separate device (Leeds and Northup H-Line 
C. &. T. (current adjusting type) Controller, Model C-1A). 
This was used in place of the generator power control for ease 
of operation. 
There was another controller designed for the sample 
drop. A shunt circuit was installed between the generator and 
the C. A. T. controller to eliminate the effect of residual 
57 
magnetic field caused by a sudden power shut off. It also had 
an adverse effect and caused the sample to drop away from the 
vertical center line. At drop time the shunt circuit was 
closed by a toggle switch, reducing the power directed to the 
lévitation coil to a minimum value preset by the variable 
shunt resistance, 0 to 10,000 ohms. 
11. Quartz thermometer probe 
The quartz thermometer (Hewlett-Packard Co., Model 
HP-280 1A Quartz Thermometer) with two quartz crystals as the 
sensing probes was used to keep track of the temperature 
changes of the calorimeter block and the isothermal bath. 
The working principle of the quartz thermometer is based 
on the radio frequency signal generated by a quartz crystal 
which is a temperature sensitive oscillator. The frequency of 
such a crystal changes linearly with temperature with a 
negative or positive slope depending on the angle at which it 
was cut. Temperature is determined by comparing the frequency 
of a crystal in coatact with the system of interest to that of 
a standard crystal having zero temperature dependence. 
Because of this technique, temperature measurements in this 
work were relatively free of such problems as lead resistance, 
noise pick-up, proximity to electrical equipment, and ground 
loops (100). 
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The probe used in this work was the 2850A type, which was 
sealed under a helium atmosphere into a 304 stainless steel 
double-walled can of 9.525 mm in diameter and 17.463 mm long. 
The lead wire from the probe to the thermometer was a co-axial 
cable wrapped with Teflon tape. 
The thermometer was an integrating device, providing an 
average value of the probe temperature over a sample period. 
Ten seconds of sample period were needed for a resolution of 
0.0001°C which was sufficient in the present work. Along with 
the digital display of the thermometer, a paper printout unit 
(Hewlett-Packard Co., Model No.R 28 526A) was available for 
automatic data acquisition. 
12. Pyrometer and pyrometer window 
The same pyrometer (Leeds and Northrup, 3641 Precision 
Automatic Optical Pyrometer) described in the Emissivity 
Measurement Section was used, A chart recorder (Leeds and 
Northrup Speedomax H Adjustable Range (AZAR) single point 
chart recorder) was used to record the pyrometer reading. The 
pyrometer window was made from optically flat guartz glass of 
1.588 mm thickness. Its effect on the pyrometer reading was 
calibrated as decribed in the next section. 
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13. Bun procedure 
The lévitation coil was first wound from 3, 175 mm OD soft 
oxygen-free copper tubing of approximately 61 cm or longer 
depending on the number of turns. The soienoidal or conical 
shapes were made by winding the coils around a mandrel. Each 
coil was tested with copper samples to check the maximum 
attainable temperature and the stability. Fine adjustment was 
made if necessary. 
Following was the actual procedure for each lévitation. 
1. Turn on the isothermal bath equipment and the titanium 
sponge furnace. Make sure that the thermal steady states of 
both are attained before starting the run, since thermal 
steady state of the environment is an important and necessary 
condition in calorimetry work. 
2. Weigh and insert the tantalum receiving cup, and tap it to 
ensure the intimate contact with no void or air space. Good 
contact means fast heat transfer to the calorimeter block and 
minimum phase separation of the alloy sample during the 
cooling and solidification process. 
3. Slowly pour about 0.47 1 of liquid nitrogen into the 
receiving well (to avoid thermal shock or stress). Assemble 
the calorimeter unit quickly and place it in the isothermal 
bath. Make all the connections tight. 
4. Start purging the system with the argon-helium mixture. 
After one hour of purging, place the sample on the sample 
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holder and keep purging at least one more hour. Since any 
residual oxygen reacts with the sample quickly at high 
temperatures, neither the purging time nor the inert gas 
should be spared. One major disadvantage with the present 
equipment is that it can not be evacuated before the purging 
due to the many potential leaks, Prealign the pyrometer and 
focus it on the sample so that only a minor adjustment will be 
necessary when a sample is levitated. 
5, Turn on the quartz thermometer and set it at 0.0001®C 
resolution and a 10-second sampling period. Turn on the 
generator and cooling water system. 
6. Turn on the lévitation power to the coil and levitate the 
sample. Realign the pyrometer for accurate measurement. 
7. After a constant temperature reading is obtained by the 
chart recorder, open the radiation gate and drop the sample by 
closing the shunt circuit, 
8. Immediately close the block cover gate and the radiation 
gate. Mark the digital temperature readout for the exact 
drop time. Shut down the generator and the pyrometer* Take 
at least 50 or more readings of the block temperature with the 
quartz thermometer. 
9, Stop the purge gas flow and shut down the cooling water 
system. 
10, Disassemble the calorimeter and inspect it for sample 
contact and splash. 
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11, Weigh the tantalum cup and sample to determine the weight 
of the dropped sample. 
12, Dissolve the sample in concentrated nitric acid and 
recover the tantalum cup for the next use. 
13, Analyze the sample composition. 
It should be mentioned here that the closer the 
temperature of the calorimeter block to the isothermal bath 
temperature, the higher the accuracy of the calculated heat 
content. The temperature drift rate is reduced to linearity 
near the bath temperature due to the reduced temperature 
gradient, as can be seen from Newton's law of cooling. It 
thus reduces the error caused by the assumption of linear 
temperature change with time. 
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V. CALIBRATION AND DATA PEDUCTION 
A. Emissivity 
The data obtained directly from the experimental 
measurements were corrected for the effect of absorption of 
light by the window and the prism. After this correction, the 
observed blackbody temperature and the observed surface 
brightness temperature were changed to actual blackbody and 
surface brightness temperatures. 
The temperature correction curve was obtained by 
measuring the brightness temperature of a lamp, standardized 
in N. fi, S. Test Ho, 174783, both directly and through the 
window and the prism. 
The correction can be expressed as 
where T (^C) is the observed blackbody or surface 
brightness temperature, and T (K) is the actual blackbody or 
surface brightness temperature. 
The actual blackbody temperature T, and surface 
T = 1.05701 X T ,  + 237,568 
ODS 
brightness temperature T are substituted in Mien's equation 
to give the soectral  emissivitv p ,  
where Cg is Planck's second constant (1.4388 cm«K), and X is 
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the wavelength (645 am or 0.645x10-* cm). 
B, Heat Content and Heat Capacity 
As in the emissivlty measurement, a correction was made 
for the effect of light absorption by the quartz window placed 
between the levitated sample and the pyrometer. The 
correction curve was obtained as 
T = 1.00965 X T ,  -  6.91623 
a a, obs 
where T (K) is the observed brightness temperature of the 
a,obs 
levitated sample and (K) is the actual brightness 
temperature. 
With the emissivity value corresponding to the sample 
composition and the actual brightness temperature, Wien's 
eguation gives the true sample temperature. 
As described in Section B of Chapter IV, the calorimeter 
copper block was gold-plated and the brass thermal jacket was 
chrome-plated to minimize radiation beat transfer. The 1.27 
cm spacing between the block and the jacket reduced convection 
heat transfer. Conduction through the quartz thermometer 
cable was also found to be negligible (100), The other heat 
transfer mechanism was assumed to be conduction through the 
inert gas in the spacing between the block and the jacket. 
This process was also assumed to follow Newton's law of 
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cooling given by 
q = h (  T -  Tj  )  (1) 
which can be transformed to 
(2 )  
where T is the block, temperature, is the jacket 
temperature, g is the rate of heat loss, h is the heat 
transfer coefficient, and c is a constant. The solution of 
equation (2) with initial conditions taken from the 
experiments shows the value of c to be 0.000269 ± 0.000001 
sec-». 
Dropping a heated sample disturbs the above relation aad 
superimposes a transient period, after which the relation 
holds again as shown in Figure 6. The temperature-versus-time 
curve is divided into three sections; initial, main and final 
periods. The derivation for the net temperature increase of 
the block is shown below. 
It is obvious that the temperature increase due to heat 
leaks through conduction should be subtracted from the 
observed temperature increase, ( )/ to obtain the net 
temperature increase resulting from the sample drop. The 
former will be determined simply by integrating the equation 
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Figure 6. Typical temperature change of calorimeter block 
before aad after sample drop 
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.Tleak was more reliably evaluated from the results of the 
following analysis. 
First, the slopes of the initial and final periods are 
determined at the times of mean temperatures for each period. 
The reason for this choice of times is that the actual 
temperature drift is exponential rather than linear, and these 
aid-point tangents will be closest to the average linear 
slope. It is very difficult to pinpoint the starting time of 
the final period, and an ambiguous tangential slope at this 
point leads to a significant error. Much of the error induced 
from the mid-point tangent in one period is compensated by the 
one in the other period due to the opposite signs of the 
errors. Even the magnitude of the error is of the same order 
as the thermometer resolution. 
Let the mean temperatures of the initial and final 
periods be and respectively. Let the slope in the 
initial period be 
dT 
dt = - ( T.l - 'J ' ,3, 
and that in the final period be 
dT 
dt 





dt . dt 
"^mi 
( 5 )  
'^mf + 
dT ^mf - \i 
dt f \ dT dT dt dt 
(6 )  
Then equation (2) can be rewritten by replacing Tj and c from 










'^mf " ^ mi 
( 7 )  
Integrating equation (7) from t=t^ to t=t^, where t^ and t^ 




dt /tf - tj) 
dT| 
dt 
T ^  - T 
mf mi 
dT| 
dt| r "f 
S Tdt 
<8) 
The integral in equation (8) is evaluated using the 
trapezoidal rule. 
Two modes of heat loss during the sample drop have to be 
taken into account and are added to the calculated heat 
content. 
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Convection heat loss was approximated as the heat 
transfer from a stationary single sphere to a flowiag gas 
stream. The basic equations used were 




AH^ = change in heat content due to convection loss 
h = mean heat transfer coefficient from ref. 101 
m 
(J/cmz«sec«K) 
À = TfD^ 
= sample surface area (cmz) 
AT = temperature difference between the sample and the 
gas (®C) 
" = 
= sample diameter (cm) 
m = sample mass (g) 
p = sample density (g/cm^) 
Vgg = sample drop velocity (cm/sec) 
Pg = gas density (g/cm') 
Cp£ = gas heat capacity (J/g*K) 
= gas viscosity (g/cm«sec) 
= gas thermal conductivity (J/cm*sec«K) 
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After substituting for the drop velocity 
= g t 
and introducing the sample molecular weight M and the drop 
time 2x \l/2 
=  ( — )  
the integration yields 
^ 1/3 ^  1/2 
" (S)kf7rDAT[2.0 + (~^) 
where M is the molecular weight of the sample and 
t = sample drop time (sec) 
d 
X = sample drop distance (cm) 
g = standard acceleration of gravity (980.66 cm/sec®) 
Radiation loss is approximated as radiation froa a sphere 
at constant temperature T to the surroundings, as given by the 
Stefan-Boltzoann law, 
dHr = ACT* dt 
where dHr is the change in heat content associated with 
radiation, ^ HT is the hemispherical total eoissivity of the 
sample, A Is the surface area of the sample, and o is the 
Stefan-Boltzmann radiation constant. 
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Since the sample temperature changes as it drops, and 
since 
dH^ = - Cp dT 
one may equate the above relations to give 
EhtAO t 
Integrating with initial conditions T=T^ at t=0, and solving 
for T at time t gives 
, = 
SEjj^A T^t + Cp 
Substituting this expression for T into the Stefan-floltzman 




In the data reduction the hemispherical total emissivity, 
E^^fWas obtained in the following way. According to the 
procedure outlined by Baria and Bautista (87), the value of 
the hemispherical spectral emissivity, , may be 
7 1 
approximated by 
and the hemispherical total eaissivity, e , may be 
HT 
approximated by 
^HT ~ 1 ' 2 5  EjiX 
This value was based on substances for which both the spectral 
and total emissivities are known (102). The analysis showed 
that the error caused by this approximation was negligible 
(102). The density of liquid copper was taken from Elliott 
and Gleiser (103) , while that of liquid cerium was taken from 
Wittenberg et al. (104). Other physical properties were taken 
from Perry's Chemical Engineers' Handbook (105). The 
properties of the mixture of argon and helium, or the mixture 
of cerium and copper were obtained by linear interpolation 
weighted by the mole fraction. 
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71. BdSULTS AND DISCUSSION 
In the study of binary alloy system, the phase diagram 
has proved to be essential. Even in the present work on 
liquid alloys, it has been referred to often for useful 
information. With the author's permission, the phase diagram 
for the cerium-copper binary system (106) is reproduced in 
Figure 7, 
A. fimissivity Measurement 
1. Pure liquid copper 
On melting the electropolished copper specimen in a 
tantalum crucible, a thin film of impurity on top of the 
liquid surface was observed. In order to obtain a clean 
surface free of such a film, the power input to the work coil 
was increased to provide enough thermal agitation. The 
increased thermal agitation drove the film to the outer top 
surface and made it thicker. The flow direction of the top 
layer was radial from the center, in agreement with Tarapore's 
work on mercury (107). 
There was a low temperature limit in obtaining clean 
liquid surface in this way. The liquid surface was almost 
totally covered by a very thin layer of impurity below 1160®C. 
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Figure 7. Phase diagram of binary Ce-Cu system (Gschneiâner 
and Verkade) 
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evaporation of copper and its condensation ou the quartz 
window. This was about 1400°C under 1. 172x10® Pa of argon 
atmosphere. 
It seems worthwhile to emphasize the importance of the 
optical path for an optical instrument. As pointed out in the 
section in Chapter IV on Eaissivity Measurement, the fraction 
of light absorbed by the glass window and the prism changes 
significantly depending on the optical path. The initially 
observed values of the emissivity of pure liquid copper was 
always varying between the limits of 0.1 and 0.15. This was 
caused by the manual movement of the pyrometer and the 
consequent difficulty in obtaining the same optical path for 
every measurement. This problem was solved successfully by 
mounting the automatic optical pyrometer on a rotary indexing 
table. The observed eaissivity value since using the rotary 
indexing table was found to be 0.112 38 ± 0.00591 in the 
temperature range from 1433.3 K to 1687,3 K. 
In order to test the validity of this result and to 
examine the quality of the blackbody made of tantalum, two 
graphite crucibles, as shown in Figure 8, were made and used 
for comparison purposes. The use of a graphite crucible 
essentially eliminated the sample contamination problem 
because the solubility of carbon in liquid copper was reported 
to be only 0.0 026 atomic % at 1150°C, while that of tantalum 
is 0. 009 atomic % at 1200®C (108). This fact contributed to 
GRAPHITE CRUCIBLES 
3.175 mm DIAM. POST 
11.321 mm DIAM. x 
10.871 mm DEEP CAVITY 
^3.175 mm DIAM. POST 
/1.321 mm DIAM. x 







Figure 8. Different size graphite crucibles used for liquid copper 
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lowering the low temperature limit for measurement to 1376.7 
K, at which no film on the surface was observed. 
More importantly. De Vos (89) pointed out that the 
quality of a blackbody hole made of graphite is better than 
that of tantalum, because the normal spectral emittance of 
graphite is 0.82 (109), compared to 0.43 for tantalum (86). 
The graphite crucibles were not wetted by liquid copper, and 
hence the surface formed a convex meniscus. Readings were 
taken so as not to include any reflected light from the liquid 
surface or graphite walls. It was easy to distinguish the 
presence of reflected light due to the sudden increase of the 
brightness of the surface. The emissivity values of copper 
with the two graphite crucibles were essentially the same, 
0.110827 ± 0.004734 in the temperature range from 1376,7 K to 
1681.1 K. 
It was concluded that the tantalum and graphite crucibles 
used were identical with respect to the quality of the 
blackbody. It was also concluded that the emissivity of pure 
liquid copper in the range from 1376,7 K to 1687,3 K is 
0.1115715 ± 0.005392 as shown in Figure 9, In the actual 
temperature measurement, the value of the above standard 
deviation is equivalent to ±2.2°C at 1200 K and ±U,6®C at 1700 
K, which are within the error range of the pyrometer itself. 
The present result is compared with other literature 
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Table III, Past vock on the emissivity of pure liquid copper 
Normal True 
Wave- Spectral Temperature 
Investigator Year length Temp. Emissivity Measured 
(nm) (K) by 
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Figure 1 0 .  Comparison of the reported values of the normal spectral emissivity 
of liquid copper at around X = 650nm 
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found from the comparison. The first is that the observed 
enissivity value is a constant within the experimental 
temperature range for the present work and for the work by 
Stretz and Bautista (116), while the others showed significant 
changes with temperature. It is believed that the emissivity 
of liquid copper is a constant as it is for liquid La, Ce, and 
Pr (118), Y, Nd, and Gd (116), and V and Mo (119). 
The second difference is that all of the studies except 
the one by Bidwell (112) showed higher emissivity values than 
the present work. It is not unusual to obtain emissivity 
values higher than the true values since this depends on the 
experimental conditions. The causes can be attributed to (i) 
the blackbody being of poor quality; (ii) the poor thermal 
proximity of the blackbody to the surface; (iii) the presence 
of oxide films or other impurities; (iv) the involvement of 
multiply reflected light into the measuring equipment; and/or 
(V) the inaccurate calibration for the light absorbed through 
the optical path. It is believed that negligible error is 
introduced in the present work with respect to all of the five 
conditions given above. The cause (i) is reduced to its 
minimum as proved by the use of graphite crucibles for 
comparison purposes. The cause (ii) is negligible because the 
highest temperature was observed at the center of the liquid 
metal or alloy surface, and because the flow direction of the 
top layer is radial. The cause (iii) is negligible because 
81 
the typical oxygen content determined by vacuum fusion 
analysis for copper before and after the measurement was 14 
and 11 ppm by weight, respectively. With regard to the cause 
(iv) , the smissivity was measured from a convex surface in a 
dark room. And for the cause (v) , the calibration was 
obtained by the use of a standard lamp (standardized in N. B. 
S. Test No. 174783) . 
2. Pure liquid cerium 
Impurity film formation was also observed with liquid 
cerium. However, it disappeared at temperatures higher than 
1150 K and reappeared below this temperature. It was reasoned 
that the density of cerium was comparable to that of impurity 
material at 1150 K, and the density change with temperature 
made the film appear or disappear. 
The emissivity of pure liquid cerium measured with 
tantalum crucibles was 0.2920 ± 0.0087, constant in the 
temperature, range from 1157,2 K to 1802.8 K. In the actual 
temperature measurement, the standard deviation is equivalent 
to ± 1.10C at 1200 K and ± 3.1oc at 1700 K. 
The result is compared with the available literature 
values given in Table IV and shown in Figure 11. The 
emissivity observed in the present work is again lower than 
the reported value, although the equipment used was basically 
the same as for the previous workers (118), Again the reasons 
are thought to be the result of the modification of the 
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Table IV . Past work on the emissivity of pure liquid cerium 
Normal True 
Wave- Spectral Temperature 







1972 645 1123 0.309 Integral 




1979 645 1157 0.292 Integral 
to ±0.009 blackbody 
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Figure 11, Experimental data on the normal spectral emissivity of liquid cerium 
at X = 64 5nm and that reported by Moscowitz et al. 
81* 
equipment, such as the use of a rotary indexing table, the 
change of the location and the wall thickness of the blackbody 
hole, and the elimination of reflected light by measuring in 
darkness. These changes are believed to have improved the 
accuracy of the normal spectral emissivity measurements. 
The graphite crucible was not used for comparison 
purposes for cerium as was done for pure copper. Liquid 
cerium alloys with carbon to form mono-, di-, and tri-carbides 
(120). The quality of the blackbody made of tantalum was 
considered in this case to be as good as that of graphite. 
3. Liquid alloys 
The liquid alloys were obtained by melting 
electropolished pure copper and pure cerium metal pieces, 
rather than melting premixed solid alloys. This was done 
because of the difficulty in obtaining clean surfaces of the 
alloys by electropolishing. In order to evaluate the nixing 
effectiveness of the thermal agitation and to prove the 
existence of a homogeneous alloy composition in the crucible, 
the sample was solidified and then segmented, and the 
composition of the different sections analyzed. The samples 
were cut into pieces as shown in Figure 12 using a spark 
cntter, and analyzed as described in Appendix A. The results 
of the composition analysis for eight samples from eight runs 
are shown in figure 13. The results of composition analysis 
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Figure 13. Results of composition analysis for each specimen 
segmented after each run 
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circumferentiaily or vertically. 
Taking the average value to be the overall composition of 
a sample, the results of the emissivity measurements are , 
plotted against temperature in Figure 1U, No temperature 
dependence was observed for the normal spectral emissivity of 
these liquid cerium-copper alloys in the temperature range 
studied. The results are summarized in Table V. However, the 
measurement for about 90 at.% Cu alloy was tried but was not 
successful because of the film on top of the surface. It was 
believed to be silica film which can be formed when as little 
as 2 ppm of silica is preseht in the metal (121). In this 
case, the silica might come from the impurity in pure cerium 
metal. 
The rather unusual composition dependence of the normal 
spectral emissivity is shown in Figure 15. It shows a plateau 
near the pure cerium side at = 0.292 and then goes through 
a maximum at about 67 at. % Cu, followed by a drastic drop to 
^nX~0,112 for pure copper. The least-square method shows 
that this result is well represented by the equation, 
e , = 0.2920 - 0.0650 + 0.2242 xj' 
nX Cu Cu 
+ 1.1381 - 1.4773 X ^ 
Cu Cu 
where X^^ is the mole fraction of copper. The correlation 
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Figure 14. Experimental data on the normal spectral 
emissivity for liquid cerium-copper alloys 
at X = 6U5nm 
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Table V, Results of normal spectral emissivity measurement 









Pure cerium 0. 0 0. 292 ±0.009 1157. 2-1802.8 
Alloy # 1 9. 69 ±0. 29 0. 287 ±0.005 1137. 5-1810.9 
alloy » 12 19. 96 ±0. 31 0. 298 ±0.006 1193. 8-1764.9 
alloy 13 32. 52 ±1. 00 0. 316 ±0.007 1118. 1-1683.3 
alloy « 7 aa. 94 ±1. 15 0. 34 7 ±0.010 1129. 9-1725.0 
alloy # 6 46. 33 ±1. 30 0. 353 ±0.007 1125. 5-1621.9 
alloy « 9 58. 63 ±0. 50 0. 396 ±0.018 1239. 0-1538.0 
Alloy # 10 74. 67 ±0. 13 0. 373 ±0.012 1250. 7-1576.6 
Alloy # 11 82. 89 ±0. 08 0. 34 8 ±0.006 1364. 5-1549.5 
Pure copper 100. 0 0. 112 ±0.005 1376. 7-1687.3 
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Figure 15, Composition dependence of normal spectral 
emissivity of liquid cerium-copper alloys 
at X = 645nm 
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There are very few previous studies of binary liquid 
alloys. The results on iron-copper, nickel-copper (114), and 
nickel-cobalt, iron-nickel (115) show monotonie change with 
respect to composition. The iron-nickel (114) system shows a 
linear change which is attributed to the alloy being ideal. 
B, Heat Content 
In general, it was difficult to obtain lower temperature 
data when levitating a sample. As pointed out in Chapter IV, 
a specimen with lower electrical resistivity experiences a 
stronger lévitation force, which results in a lower 
temperature for the specimen. Since the electrical 
resistivity of cerium is about five times that of copper 
(122), the lowest temperature attained was higher for cerium 
than for copper. It was observed that the electrical 
resistivity of liquid Ce-Cu alloys is close to or higher than 
that of pure cerium except at the copper-rich end (122). This 
is why most alloys levitated in this work have relatively high 
temperatures as their lower limits, regardless of their 
melting points, 
1. Pure ligaid copper 
The result of the heat content measurement for liquid 
copper is tabulated in Table VI and shown in Figure 16. This 
is compared with the literature values in Figure 17. 
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Table VI, Results of heat content measurement for pure copper 
Smoothed 
Run At. % Temp Heat Heat Dev. Bad. Conv. 
No. Cu Content Content Loss Loss 
K J/mol J/mol % J/mol J/mol 
1 9 100. 0 1415 44036 43856 0.41 429 19 
20 100. 0 1447 4481 4 44805 0.02 4 12 20 
23 100. 0 1480 45458 45827 -0.81 401 21 
22 100.0 1503 46543 46520 0.05 4 30 23 
24 100.0 1509 46789 46700 0. 19 4 18 23 
25 100. 0 1538 46873 47578 -1.51 481 26 
26 100. 0 1578 48715 48772 -0. 12 443 27 
27 100.0 1630 50161 50344 -0.36 4 92 32 
28 100.0 1651 50670 50 96 6 -0.58 396 30 
1 100.0 1685 52458 52014 0.85 333 35 
5 100. 0 1691 5243 9 52174 0.50 345 36 
18 100. 0 1708 53415 52699 1. 34 3 20 37 
3 100. 0 1717 53382 52 986 0.74 3 63 38 
6 100. 0 1754 5410 5 54074 0.06 371 41 
2 100. 0 1759 54472 54228 0.45 365 41 
8 100.0 1835 56075 56526 -0. 80 317 43 
10 100. 0 1913 58924 58881 0.07 320 50 
9 100.0 1944 59909 59842 0. 11 315 52 
12 100. 0 1963 60226 6041 1 -0.31 408 63 
14 100.0 2023 62196 62201 -0.01 341 63 
11 100.0 2048 62715 62 96 9 -0.41 369 68 
Avg. 100. 0 0.62 
298 ^ 30' 21 (±0. 39) X (T-1356) + 42067 (±156) J/mol 
in (1415 < T K < 2048) 
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Figure 16, Experimental data on heat content (Hm-Hgqo) of pure liquid copper 
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Figure 17. Comparison of the reported values of the heat content of pure 
liquid copper 
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The results obtained by Cbaudhuri et al. (123), Stretz 
(102), and Stephens (124) were by lévitation calorimetry using 
the normal spectral emissivity values of 0.15, 0.134, and 
0.15, respectively, at A = 650 nm. A conventional value for 
the heat content of liquid copper was taken from Hultgrea et 
al. (125). In this comparison, the present work reports the 
lowest values of heat content at all temperatures. It should 
also be kept in mind that the use of the lower emissivity 
value leads to a higher temperature for the same heat content. 
This in turn results in a lower heat content value at the 
same temperature. 
The difference between the present work and that of 
Stretz's (102) can not be fully explained by the difference in 
emissivity value alone* The remaining difference can be 
attributed to a new factory calibration of the pyrometer 
before starting the present work which resulted in a higher 
temperature conversion from the same pyrometer output. This 
fact emphasizes the importance of the pyrometer calibration. 
2. Pure liqaid cerium 
The result of the present work for pure liquid cerium is 
tabulated in Table VII and shown in Figure 18, The comparison 
is made with the results of Kuntz and Bautista (126) who used 
the value 0.309 for their emissivity. A conventional value 
was taken again from Hultgren et al. (125) . This is shown in 
Figure 19. The same reasoning as for liquid copper applies to 
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Table VTI, Besults of heat content measurement for pure cerium 
Smoothed 
Bun At.% Temp. Heat Heat Dev. Had, Conv, 
No, Cu Content Content Loss Loss 
K J/mol J/mol X J/mol J/mol 
29 0. 0 1530 51693 51232 0.89 978 167 
26 0. 0 1567 52181 52461 -0. 54 8 94 182 
31 0. 0 1602 53304 53601 -0.56 858 179 
32 0. 0 1657 54586 55463 -1.61 9 54 212 
30 0. 0 1688 57009 56472 0.94 882 214 
27 0, 0 1711 56997 57255 -0.45 759 218 
28 0. 0 1731 57843 57912 -0. 12 791 233 
22 0. 0 1742 57820 58282 -0.80 6 59 260 
23 0. 0 1748 58616 58490 0.21 6 86 265 
17 0. 0 1764 59661 59010 1.09 715 280 
21 0. 0 1802 60885 60287 0.98 665 283 
18 0. 0 1845 61746 61733 0. 02 601 288 
6 0. 0 1915 64442 64044 0.62 4 88 351 
5 0. 0 1964 66219 65696 0. 79 447 360 
3 0. 0 2001 67251 66920 0. 49 488 403 
4 0.0 2015 66541 67409 -1.30 511 423 
1 0. 0 2036 68723 68105 0.90 4 32 397 
7 0. 0 2073 68369 69330 -1.40 513 466 
8 0. 0 2178 72412 72824 -0.57 526 552 
9 0. 0 2268 75586 75825 -0.32 399 657 
10 0. 0 2375 79469 79405 0.08 384 745 
11 0. 0 2407 80878 80473 0.50 390 787 





^t"^298 ^  33.36 (±0.46) x (T-1077) + 36105 (±387) J/mol 
in (1530 < T K < 2407) 
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Figure 18, Experimental data on heat content of pure liquid cerium 
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the difference between Kuntz's work and that reported here, 
3. Liquid alloys 
In the emissivity measurements, composition analysis was 
made to determine overall composition and to see any 
composition fluctuation from location to location in a 
crucible. In the lévitation calorimetry, the same composition 
analysis was necessary due to depletion of copper during the 
lévitation caused by its vapor pressure being higher than that 
of cerium. Each sample was analyzed after lévitation for 
composition variation. As shown in Tahle VIII through Table 
XV, a slight variation did exist but was not significant 
enough to lead to temperature correction due to emissivity 
change with composition and heat content correction due to 
different molecular weight. The heat content measurement for 
90 at,% Cu was tried but was not successful because of the 
same silica film formation (121) as in the emissivity 
measurement. 
The gaseous elements dissolved in the molten, levitated 
samples were determined by vacuum fusion analysis. As shown 
in Table XVI, the results indicate that there is no 
significant change on lévitation melting and no significant 
variation among samples of different composition. 
The heat contents are plotted against temperature for 
alloys of 10.36, 19.76, 28. 73, 38. 72, 49.91, 59.30, 69.73, and 
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Table VIII, Results of heat content measurement for 10,36 






















905 9.2 1703 56018 563 76 
-0.64 89 2 221 
904 9.2 1745 57697 57766 -0.12 84 1 231 
903 9.6 1773 58854 58662 0. 33 816 238 
902 9.6 1789 59680 59208 0.79 861 253 
910 9.6 1803 591 83 5 96 63 -0.81 734 244 
906 11.1 1806 59156 59754 -1.01 835 256 
912 11.1 1813 60721 59994 1.20 810 264 
907 11.1 1832 59846 60599 
-1.26 847 280 
916 10.6 1854 51801 61308 0.80 838 288 
917 10.6 1900 63169 62817 0.56 665 310 
915 10.3 1917 63822 63389 0.68 680 325 
909 10.3 1939 64066 64099 -0.05 728 308 
913 10.3 1956 64180 64655 -0.74 831 341 
908 10.3 1958 64898 64706 0.30 757 323 
921 10.3 1966 64607 64980 -0.58 538 376 
922 9.2 1978 65224 65376 -0.23 634 396 
918 9.2 1988 65740 65691 0.08 664 360 
926 11.4 2035 67854 67219 0.94 662 416 
914 11.4 2036 67627 67265 0.54 725 393 
923 11.4 2202 71915 72684 -1.07 511 555 
925 11.4 2215 72756 73100 -0.47 498 496 
924 11.4 2247 74662 74166 0.66 468 559 
Avg. 10.36 t1 .09 0.72 
^T~^298 = 32.65 (to.69) X (T-929) + 31113 (±699) J/mol 
in (1703 < T K < 2247) 
with BZ = 0.9911 
102 























813 20.3 1605 54274 52823 2.67 854 161 
802 19.7 1652 56374 54360 3.57 746 209 
836 19.4 1700 56301 559 26 0.67 635 211 
833 19.8 1700 54938 55926 -1.80 641 210 
808 19.8 1710 55715 5 6250 -0.96 995 219 
834 20.2 1720 56557 56563 -0.01 653 221 
805 19.5 1724 56419 56708 -0.51 733 239 
829 19.8 1742 56928 57267 -0.60 598 235 
804 19.5 1752 56044 57604 -2.78 60 9 258 
806 20.1 1803 58842 59245 -0.69 207 270 
835 19.8 1820 60141 59820 0.53 568 242 
832 19.7 1832 60125 60207 -0.14 540 263 
831 19.7 1837 60816 60351 0.76 552 268 
809 19.7 1844 58688 60589 -3.24 913 296 
810 19.7 1872 60585 61507 -1.52 687 300 
837 19.3 1875 62490 61605 1.42 654 293 
828 19.3 1908 63038 626 56 0.61 459 323 
807 19.3 1934 62379 63499 -1.80 973 323 
801 19.3 1967 64334 64580 -0.38 791 384 
815 19.3 1969 63512 64640 -1.78 435 348 
819 19.7 1990 655 56 65310 0.37 454 368 
817 19.7 2016 67253 66169 1.61 429 37 2 
818 19.7 2032 67020 66693 0.49 452 394 
803 19.7 2068 68014 67847 0.25 511 449 
814 20.0 2078 68872 68182 1.00 406 393 
820 20.0 2083 69532 68517 1.46 40 3 396 
824 20.0 2104 69186 69015 0.25 413 412 
821 20.0 2127 70716 69768 1.34 409 424 
822 20.0 2191 71764 71853 -0.12 411 467 
825 20.0 2218 73481 72724 1.03 425 495 
826 20.0 2231 72651 73133 — 0.66 459 530 
827 20.0 2248 73776 73706 0.10 39 9 498 
823 20.0 2271 73165 74441 -1.74 406 523 
Avg. 19.76 ±0.29 1.44 
^T"®'298 = 32.43 (±0.83) X (1-802) + 26799 (±942) J/mol 
in (1605 < T K < 2271) 
with R2 = 0 .9801 
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Table X. Results of heat content measurement for 28,73 
At.% Cu 
Smoothed 
P un At.% Temp, Heat Heat Dev. Bad, Conv 
No. Cu Content Content Loss Loss 
K J/aol J/ool % J/aol J/mol 
703 28.3 1644 54720 53912 1,48 607 160 
704 30.8 1645 50485 53945 -6.85 687 169 
705 30.0 1659 52778 54420 -3.11 674 167 
744 27.9 1676 55319 54960 0.65 806 184 
708 27.9 1701 54451 55762 -2.41 807 214 
701 29,6 1730 54698 56727 -3.71 563 209 
743 28.8 1735 56990 56872 0.21 738 203 
741 30.7 1746 56409 57228 -1.45 676 210 
742 29.7 1749 59185 57329 3.14 675 212 
710 28.7 1749 58705 57340 2.33 153 278 
707 27.6 1759 56124 57638 -2.70 757 230 
739 27.7 1775 599 29 58155 2,96 612 220 
715 29.2 1778 56612 5 82 54 -2,90 752 239 
746 29.7 1778 58840 58264 0,98 556 228 
706 30,0 1784 59032 58468 0.96 670 225 
737 28.5 1789 57195 58625 -2.50 557 233 
721 28. 9 1798 603 07 58916 2.31 783 245 
713 30,3 1816 61245 5 95 00 2.85 748 257 
735 28,5 1840 61589 60275 2.13 457 248 
711 28.5 1870 63916 612 34 4.20 718 265 
734 28.5 1886 61573 61757 -0.30 480 280 
740 28.5 1895 64691 62064 4.06 553 258 
718 28.5 1914 60110 6 2682 -4.28 64 2 315 
722 28.5 1928 66012 63126 4.37 884 300 
720 28.5 1934 658 84 63334 3.87 785 312 
733 27.5 1952 63941 63909 0.05 432 292 
717 27.5 1968 63083 64440 -2.15 58 3 325 
745 27.5 1989 64350 65119 -1.19 374 334 
730 30.3 2005 65994 6 56 20 0.57 393 350 
732 30.3 2007 65661 6 56 90 -0.04 400 339 
712 30.3 2018 63358 66050 -4.25 786 353 
719 30.3 2045 66299 66924 -0.94 567 359 
716 28,5 2050 70175 67095 4,39 726 365 
726 28,5 2062 67428 674 57 -0,04 408 389 
725 28,5 2093 67778 684 66 -1,02 392 400 
729 28,8 2113 69708 691 13 0,85 361 402 
727 28,8 2121 68504 693 96 -1,30 374 404 
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Table X (Continued) 
Smoothed 
Bun At.% Temp. Heat Heat Dev. 
No. Cu Content Content 




723 28.8 2144 69355 70127 -1.11 344 409 
731 28.8 2153 70160 70411 -0.36 377 424 
728 28.8 2192 70254 71674 -2.02 396 469 
724 28.8 221 8 71977 72536 -0.78 389 478 
Avg. 28.73 ±0.92 2.65 
H^-H298 = 32.41 (±1.57) x (T-716) + 23848 (±1873) J/mol 
in (1644 < T K < 2218) 
with S2 = 0.9155 
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623 38.9 1683 543 54 558 04 -2.67 628 180 
622 39.8 1723 558 30 57113 -2.30 720 216 
602 37.3 1765 582 92 58459 -0.29 722 206 
621 39.7 1776 58805 58828 -0.04 612 217 
603 38, 6 1819 60821 60237 0.96 778 244 
601 38.9 1828 62414 60542 3.00 695 233 
611 38.6 1843 60949 61021 -0.12 797 252 
620 40.5 1864 61636 61710 -0.12 627 248 
S 2 H  39.0 1893 62727 62667 0.10 440 322 
626 39.4 1907 62136 63101 -1.55 450 335 
625 41.0 1908 63242 63143 0.16 450 336 
612 39.8 1914 6 3414 63346 0.11 925 289 
606 39.8 1956 66319 64718 2.41 728 294 
627 38.3 1957 65459 64738 1. 10 427 350 
614 38.3 1961 65160 64877 0.43 577 326 
619 38.3 1961 649 80 64889 0.14 554 278 
630 39.0 1971 63765 65195 -2.24 394 352 
615 39.0 1995 67137 65993 1.70 496 317 
608 39.0 2005 66647 66302 0.52 415 333 
610 39.0 2030 68150 67122 1.51 462 341 
6 28 39.0 2032 67505 67202 0.45 339 379 
609 39.0 2043 67717 67559 0.23 382 353 
631 37.8 2103 68902 69523 -0.90 339 398 
632 37. 8 2180 71378 72041 -0.93 331 443 
633 37.8 2191 71595 72402 -1.13 353 470 
629 37.8 2200 71891 72687 -1.11 341 467 
Avg. 38.72 ±0.89 1.34 
^T"^298 = 32.67 (±1 .28) x (1-789) + 26586 (±1486) J/mol 
in (1683 < T K < 2200) 
with R2 = 0 .9644 
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Table XII. Results of heat conteut measurement for 49.91 
At.% Cu 
Smoothed 
Run At.% Temp. Heat Heat Dev. Bad. Conv 
No, Cu Content Content Loss Loss 
K J/mol J/mol % J/mol J/mol 
525 50.3 1690 56213 56737 -0.93 658 190 
526 50. 3 1698 57712 57025 1. 19 649 1 93 
527 50.3 1728 581 69 57992 0.30 64 3 202 
524 50.3 1736 58836 58281 0.94 616 200 
521 50.3 1751 58496 58772 -0.47 643 209 
520 50. 3 1770 58244 59396 - 1.98 482 215 
522 49.3 1785 59514 59910 -0.67 60 2 215 
519 49. 3 1839 60093 61694 -2.66 429 232 
515 49.3 1881 64757 63092 2.57 364 279 
517 49.3 1904 64601 63873 1.13 352 265 
514 49.3 1912 66884 64120 4.13 310 300 
516 49.3 1937 63464 64942 -2.33 371 288 
509 50,5 1938 65067 64992 0.12 321 320 
505 50.5 1959 66750 656 96 1.58 310 324 
512 50.5 1992 66730 66793 -0.10 315 344 
513 50.5 1999 66668 6 70 20 -0.53 276 322 
511 50.5 2024 67199 67838 -0.95 292 346 
510 50. 1 2045 68032 68538 -0.74 279 347 
501 50. 1 2058 681 91 68989 -1.17 300 369 
507 50. 1 2059 68761 69029 -0.39 288 361 
508 50.1 2086 69674 69912 -0.34 281 371 
506 49.4 211 1 70808 70736 0.10 300 400 
504 49.4 2138 708 53 71655 -1.13 289 407 
503 49.4 2188 74752 73317 1.92 320 466 
502 49.4 2206 73790 73903 -0.15 300 460 
Avg. 49.91 ±0 . 54 1.50 
^T~^298 = 33.25 (±1.33) X (T-950) + 32140 (±1328) J/mol 
in (1690 < T K < 2206) 
with R2 = 0 .9645 
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Table XIII. Results of heat content measurement for 59.30 








Heat Heat Dev. Bad. Conv. 
Content Content Loss Loss 
J/mol J/mol % J/mol J/mol 
410 59.7 1420 47011 47251 -0.51 557 106 
429 59.5 1642 55297 550 92 0.37 580 178 
404 60.2 1652 55880 55452 0.77 650 188 
411 61.0 1662 55930 55788 0.25 706 199 
402 60.1 1705 574 02 573 12 0.16 683 213 
409 60.3 1714 56256 57616 -2.42 687 21 6 
428 60.5 1744 59145 5 86 93 0.76 381 205 
406 60.1 1753 59472 590 06 0.78 526 233 
426 59.4 1756 58490 59092 -1 .03 380 20 5 
407 60.0 1763 59187 59346 -0.27 700 238 
405 59.3 1806 60907 60883 0.04 682 258 
424 59.3 1823 62330 61447 1.42 386 241 
425 58.8 1836 62064 61939 0.20 385 247 
423 58.8 1852 62502 62475 0.04 371 247 
401 58.8 1890 64820 63809 1.56 348 325 
420 58.8 1893 63488 63923 -0.69 298 299 
422 58.8 1915 64345 64700 -0.55 322 273 
403 59.9 1918 64184 64815 -0.98 568 278 
421 59.9 1967 66293 66531 -0.36 267 315 
413 59.9 2008 68109 67994 0.17 270 33 9 
419 59.2 2012 68547 68139 0.60 273 342 
418 59.2 2080 70535 70509 0.04 251 361 
415 59.2 2088 70411 70793 -0.54 274 383 




^T~^298 = 35.24 (±0.72) I (T-1047) + 34115 (±572) J/mol 
in (1420 < T K < 2088) 
with P.2 = 0 .9914 
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Table XIV. Results of heat content measurement for 69.73 
At.% CU 
Smoot bed 
Run At.% Temp. Heat Heat Dev. 
No. Cu Content Content 







319 69.8 1655 54977 54944 0.05 497 148 
316 69.8 1694 55981 56327 -0.62 393 154 
315 69.8 1709 56335 56848 -0.91 448 157 
309 70.3 1717 57260 57145 0.20 373 168 
311 70 o 3 1763 57852 58785 -1.61 366 180 
313 70.3 1769 59370 59011 0.61 399 180 
317 68.2 1811 61228 60517 1.16 491 198 
308 68.2 1823 61541 60957 0.95 335 220 
307 68.2 1823 60006 609 57 -1,58 300 208 
312 69.9 1831 60951 6 1232 -0.46 393 199 
318 69.9 1844 61626 61680 -0.09 553 219 
310 69.9 1872 63914 62709 1.89 336 222 
314 69.7 1879 62167 62962 -1.28 417 218 
303 69.7 1907 64565 63962 0.93 326 266 
301 69.9 1934 66235 64922 1.98 255 274 
305 69.9 1937 65726 65028 1.06 302 253 
304 69.9 1998 66429 67221 -1.19 300 279 
321 69.9 2013 67313 67753 -0.65 259 308 
302 70.3 2033 69127 68456 0.97 237 314 
320 70. 3 2092 69393 70581 -1.71 253 350 
Avg. 69.73 ±0 1.71 1.14 
^T~^298 = 35.77 (±1.46) jt (T-1Û69) • 33971 (±1157) J/mol 
in (1655 < T K < 2092) 
with &z = 0 .9710 
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215 80.8 1659 54262 54004 0.47 49 4 128 
216 80. 1 1681 54808 54747 0.11 479 131 
217 80. 1 1733 56154 56447 -0.52 43 9 137 
220 79.7 1745 56845 56835 0.02 542 159 
218 79.7 1823 59358 59425 -0.11 361 162 
206 80.4 1830 59655 59640 0.03 347 170 
201 80.4 1876 61376 61180 0.32 491 189 
213 80.4 1903 62179 62066 0.18 348 189 
212 80.4 1904 61612 62085 -0.77 333 194 
2ia 79.9 1916 62073 62489 -0.67 441 188 
202 79.9 1924 62644 62766 -0.20 338 212 
225 80. 1 1932 62913 63025 -0.18 297 199 
203 80.1 1942 63185 63349 -0.26 435 197 
207 80.1 1984 64983 64716 0.41 303 216 
211 79.5 2000 65264 65252 0.02 273 227 
221 79.5 2024 65796 66038 -0.37 314 258 
208 79.5 2024 67340 6 60 58 1 .90 20 0 233 
205 79,8 2037 66961 664 96 0.69 290 234 
209 79.8 2079 67857 67864 -0.01 244 294 
224 79.8 2083 67841 67984 -0.21 233 286 
223 79.8 2119 68541 69187 -0.94 233 302 
222 79.9 2201 71904 71897 0.01 245 349 
Avg. 80.05 ±0.42 0.57 
^T"^298 = 32.99 (±0.61) x (T-1145) + 37051 (±486) J/mol 
in (1659 < T K < 2201) 
with R2 = 0.9933 
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Table XVI. Result of vacuum fusion analysis for levitated 
samples (in atomic ppm) 
Pure ceriuB 
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Figure 20. Experimental data on heat content (Hm-H-Qp) of 19,95 at.% Ce -
80.05 at.% Cu ^ 
i 75 
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Figure 21. Experimental data on heat content (HU-H-no) of 30.27 at.% Ce -
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Figure 22, Experimental data on heat content (Hm-H^qp) of 40.70 at.% Ce -












1 1 1 1 1 1 i 1 1 1 1 1 
50.09 AT. % Ce 








1 1 1 1 1 i 1 1 i 1 1 1 
1300 1500 1700 1900 2100 
TEMPERATURE, K 
2300 2500 
Figure 23. Experimental data on beat content (H„-Hoqo) of 50.09 at.% Ce -
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Figure 24. Experimental data on heat content (Hm-Hoqo) of 61,28 at.% Ce -
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Figure 2 5. Experimental data on heat content (Hm-Hoqo) of 71.27 at.% Ce -
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Figure 26. Experimental data on heat content (H„-ïI-qp) of 80.2% at.% Ce -
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Figure 27. Experimental data on heat content (Hm-Hpop) of 89.64 at.% Ce -
10.36 at.% Cu 
119 
80,05 at. * Cu, as shown in Figure 20 through figure 27, A 
straight line obtained from a least-square error method is 
drawn on each figure. One particular observation is that 
there is wider scatter for cerium-rich alloys, i.e., 49,91, 
38.72, 28.73 and 19,76 at. % Cu, than for copper-rich alloys, 
pure cerium or pure copper. Additional runs did not help 
reduce the degree of scatter. This anomaly has not been 
reported in past lévitation calorimetry work on pure liquid 
metals. The reason is believed to be the insuffiecient time 
allowed for pure cerium in an alloy to transform from 5-phase 
to y-phase at 999 K after freezing occurred during the cooling 
process. The phase diagram of cerium-copper binary alloys 
(106) shows that any liquid alloy of composition 0 to 50 at. % 
Cu will have eutectic structure of pure cerium and CeCu on 
solidification. Above mentioned alloys were within this 
composition range, and hence must have been affected by the 
degree of the transformation. The enthalpy of the 
transformation is 2992 J/mol (125) , 
The composition dependence of the heat content at 
different temperatures is shown in Figure 28. 
C. Heat Capacity 
The heat capacities of liquid cerium, copper, and their 
alloys were determined from the slopes of straight lines drawn 
on the figures of heat content versus temperature. The 
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Figure 28, Composition dependence of heat content at 
different temperatures 
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Table XVII, Results of heat capacity of liquid Ce-Cu alloys 




100. 0. 33. 36 ±0.46 1531 - 2407 
89.64 10.36 32. 66 ±0.69 1703 - 2247 
80.24 19.76 32.43 ±0.83 1605 - 2271 
71.27 28.73 32.4 1 ±1.57 1644 - 2218 
61 . 28 38.72 32.67 ±1.28 1683 - 2200 
50.09 49.91 33. 25 ±1.33 1690 - 2206 
40.70 59.30 35.24 ±0.72 1420 - 2088 
30.27 69.73 35.77 ±1.46 1655 - 2092 
19.95 80.05 32.99 ±0.61 1659 - 2201 
0. 100. 30.21 ±0.39 1415 — 2048 
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results are shown in Table XVII. And the heat capacities are 
plotted against composition with estimated errors as shown in 
Figure 29. It shows positive deviations from ideality in the 
composition range from = 0,5 to = 1.0, with its 
maximum at X^^ = 0.67, The slightly negative deviation in the 
range from X^^ = 0 to X^^ = 0.5 is within the experimental 
error and hence can be ignored. The smooth curve in Figure 29 
is obtained from non-linear regression analysis. It is 
represented by the eguation, 
-0.108XCU -36.44 (XCu-0.67) 2 
Cp = 4,22 t 29,08 e + 4.99 e 
where X^^ is the mole fraction of copper. 
Such pronounced positive deviations were observed for 
liquid Au-Sn (127) with its maximum at Xg^ = 0,5, and for 
Cu-Sn (128) with its maximum at Xg^ = 0,25. A significantly 
negative deviation was observed for liguid Cd-Sn (129). 
Such positive or negative deviations usually arise either 
through a change in the vibration spectrum on mixing, or 
through a variation in the electronic contribution to the heat 
capacity (42), These factors become more important when the 
size, valence, and electronegativity differences between 
constituent elements are greater. Moreover, as has been 
indicated by Kubaschewski et al, (130), the energy needed to 
disintegrate atomic clusters in liguid alloys with significant 
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In the liquid Ce-Cu system, such clustering may exist and 
contribute to the highly positive excess heat capacity (16%) 
at = 0.67. This composition corresponds to CeCUg, which 
at lower temperatures forms one of five intermetallic 
compounds. The phase diagram of cerium-copper binary system 
is shown in Figure 7, This is then equivalent to a state 
where the effect of mixing oa the radial distribution 
function, the vibration spectrum, and the electronic 
contribution to the energy state is such that only one solid 
intermetallic compound survives the melting process and 
persists in the liquid state despite the thermal agitation 
with increasing temperature. 
Many other liquid binary alloy systems show anomalous 
behavior depending on the particular properties measured 
(131). From the results of the present work, it is concluded 
that the liquid Ce-Cu binary system revealed its complex 
behavior with composition through heat capacity measurement. 
D. Other Thermodynamic Properties 
Due to the lack of experimentally measured properties of 
practical interest, partial molar and integral thermodynamic 
quantities for liquid binary alloys were calculated according 
to the method discussed by Chiotti et al. (132) using the 
phase diagram (106) of cerium and copper. 
1 2 5  
At first, partial molar Giwbs free energy change of 
mixing was calculated along the liquidas curve in the 
composition range from each pure element to each nearest 
eutectic point, i.e., from X^,^ = 1.0 to X^^=0.721 and from 
Xcu = 1»0 to Xç^=0.916. For the copper-rich side, the partial 
molar Gibbs free energy of mixing is the sum of free energy 
changes for the following elementary processes, 
Cu (s) :^ZÎ- Cu (1, soin) AG = 0 
Cu (1) —. Cu (s) iG = -AGfus Cu 
Cu (1) »• Cu (l,soln) AG = AG^^ = -AG^^^ 
For the cerium-rich side, the same relationships as above hold 
if Cu is replaced by Ce (6) at temperatures above the phase 
transformation, i.e., 999K. Below that temperatures, the 







Ce (1) —Ce (l,soln) 
AG = 0 
AG = AG 5-» Y trans,Ce 
AG = -AGfyg Ce 




trans,Ce - AG fus,Ce 
In the composition range Xc^=0-279 to X(n^=0.916, empirical 
relations for the sub-regular solution approximation and for 
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the one proposed by Guggenheim (133) were used as discussed by 
Chiotti et al. (132). 
For the sub-regular solution approximation, 
Acf = ( a + bX^) ( 1 -
AGg = { a + b(X^ - 1/2) }X^2 
and AG® = X^Xg ( a + bX^/2 ) 
where A=copper, B=ceriuin, a=a+gT, and b=a*+3'T. 
And for those proposed by Guggenheim, 
AG^ = ( a + bX^ + cX^ ) ( 1 - X^ )2 
AGg = { a + b(X^-l/2) + cX^(X^-2/3) } 
and AG^ = X^X^ { a + bX^/2 + cX^^/3 ) 
where a=a+3T, b=a'+3'T, and c=a"+3"T. 
The constants a, a', a", B, 3', and 3" were obtained iy 
linear regression analysis with correlation coefficients of 
0.9996 and 0.9998 for the sub-regular and for Guggenheim's 
approximations, respectively. 
The corresponding enthalpy and entropy values are 
obtained, respectively, by partial differentiation with 
respect to T, and with respect to 1/1 after division by T. 
The integral and partial thermodynamic properties 
calculated using the sub-regular solution approximation are 
shown in Table XVIII. Those using the equations proposed by 
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Table XVIII, Thermodynamic properties calculated using sub-
regular solution model 
Integral Molar Quantities 
^Cu ^e AGf^ AHjyj AS 
E 
M 
1.0 0.0 0 0 0.0 0 0. 0 
0,9 0. 1 -14269 1309 1 1. 13 -10486 8. 43 
0.8 0,2 -25042 1194 18.74 -19217 14. 58 
0.7 0, 3 -33089 79 23.69 -25979 18, 61 
0.6 0, 4 -38387 -161 1 26.27 -30554 20. 67 
0.5 0,5 -40795 -3449 26.68 -32727 20. 91 
0. H 0. 6 -40115 -5012 25.07 -32282 19. 48 
0,3 0,7 -36113 -5874 21.60 -29003 16. 52 
0, 2 0,8 -28498 -5609 16.35 -22674 12. 19 
0. 1 0,9 —16862 -3793 9.34 -13078 6. 63 
0,0 1, 0 0 0 0.0 0 0. 0 
Partial Molar Quantities - Copper 
^u a Y AHcu AScu 
0.0 0,0 0,0 •00 —CO 21636 +00 96,10 
0. 1 0,00 0 0,000 •00 -97288 6045 92,95 73.81 
0,2 0.00 0 0,001 •00 -81478 -4295 68,51 55. 13 
0. 3 0.001 0,003 -79923 -65910 -10233 49,77 39.77 
0.4 0.005 0,012 -61681 -51 016 -12621 35.04 27.43 
0.5 0.020 0,041 -45296 -37228 -12308 23.56 17.80 
0.6 0,07 0 0,117 -30924 -24978 -10145 14.84 10.60 
0.7 0. 198 0.283 -18850 -14698 -6982 8.48 5.51 
0.8 0. 445 0.557 -9418 -6821 -3670 4.11 2.25 
0,9 0.773 0.858 -3004 -1777 -1059 1.39 0.51 
1,0 1.0 1.0 0 0 0 0.0 0.0 
Partial Molar Quantities - Cerium 
^e a Y < 
1,0 1.0 1.0 0 0 0 0.0 0.0 
0.9 0.83 7 0,930 -2067 -841 -421 2.04 1.16 
0,8 0.585 0,731 -6249 -3652 -1402 6.30 4.44 
0.7 0. 32 7 0,467 -13017 -8865 -2517 12.51 9.55 
0,6 0. 140 0,234 -22859 -16913 -3342 20.42 16. 17 
0.5 0,04 4 0,088 -36294 -28227 -3449 29.79 24.03 
0,4 0.010 0,024 -53904 -43239 -2416 40.42 32.80 
0,3 0.001 0,005 -76394 -62381 184 52.22 42.21 
0,2 0.000 0.001 «-CO •"86 08 6 4476 65,32 51.94 
0, 1 0. 000 0.000 — 00 —00 11785 80,85 61.71 
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Table XIX, Thermodynamic properties calculated using 
Guggenheim's model 
Integral Molar Quantities 
^Cu AGM AHjyj 4% 
<1 
1.0 0. 0 0 0 0.0 0 0.0 
0.9 0. 1 -8893 -3259 4.03 -5110 1.32 
0.8 0.2 -15170 -6553 6.16 -9346 2.00 
0.7 0. 3 -19689 -19893 7.29 - 12783 2. 21 
0,6 0.4 -23228 -12417 7.72 -15395 2. 13 
0.5 0. 5 -25127 -14441 7.63 - 17060 1 . 87 
0.4 0. 6 -25389 -15413 7. 13 -17556 1. 53 
0.3 0.7 -23675 -14931 6.25 - 16565 1.17 
0.2 0. 8 - 19493 -12544 4.96 -13669 0. 80 
0. 1 0.9 -12136 -7752 3. 13 -8352 0.43 
0.0 1.0 0 0 0.0 0 0.0 
Partia1 Molar Quantities - Cerium 
%e a Y AGce AHce ASce iSce 
1.0 1. 0 1.0 0 0 0 0.0 0.0 
0.9 0. 865 0.961 -1683 -457 47 1.24 0.36 
0.8 0. 69 2 0.865 -4279 -1681 -50 3.02 1.17 
0.7 0. 511 0.729 -7824 -3673 -756 5.05 2.08 
0.6 0. 337 0.561 -12672 -6726 -2695 7.13 2.88 
0.5 0. 187 0.375 -19499 -11431 — 6641 9.18 3.42 
0.4 0. 080 0.201 -29336 -18671 -13520 11.30 3.68 
0.3 0. 024 0.078 -43639 -29626 -24414 13.73 3.72 
0.2 0. 004 0.020 -64501 -45769 -40556 17.10 3.72 
0. 1 0. 000 0.003 -95667 -68867 -63333 23.10 3.95 
0.0 0. 0 0.0 — OO — OO -94285 128.19 4.79 
Partial Molar Quantities - Copper 
^u a Y iScu AHcu AScu 
0.0 0. 0 0.0 — 00 -55955 -31879 00 17.20 
0. 1 0. 00 2 0.018 -73783 -46983 -33004 29,92 10.78 
0.2 0. 006 0.032 -58737 -40005 -32568 19.41 6.03 
0.3 0. 016 0.054 -48052 -34039 -30530 12,72 2.71 
0.4 0. 035 0.087 -39062 -28398 -27000 8.21 0.59 
0.5 0. 071 0. 142 -30756 -22688 -22242 5,20 -0.56 
0.6 0. 142 0.236 -22758 -16813 -16674 3.27 -0.98 
0.7 0. 27 3 0.390 -15119 -10967 -10866 2,06 -0.90 
0.8 0. 493 0.616 -8241 -5644 -5541 1.30 -0.56 
0.9 0. 783 0.869 -2854 -1628 -1576 0.70 -0.17 
1.0 1. 0 1.0 0 0 0 0.0 0.0 
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Guggenheim are shown in Table XIX. The integral thermodynamic 
properties, i.e., the Gibbs free energy, and enthalpy and 
entropy change on mixing, are shown in Figures 30 and 31 for 
each method. Both calculations show the negative deviation of 
activity from Baoult's law, which might have been expected 
from the formation of five intermetallic compounds and large 
negative values of Gihhs free energy change on mixing. 
The enthalpy of mixing as calculated is compared with the 
values predicted by a model proposed by Miedema et al. (134), 
Miedema's model takes the form of the regular solution 
approximation in principle. But instead of volume fraction or 
atomic fraction based on the properties of pure metals, a 
modified atomic concentration which takes into account the 
effect of change in atomic cell on alloying is used. Also, 
instead of the cohesive-energy density or interchange energy 
term, a sum of contributions due to the difference in chemical 
potential of electrons and due to the difference in electron 
densities is used as a constant for a particular binary 
system. The comparison is shown in Figure 32, and the above 
calculations are described in detail in Appendix B. 
From this comparison it becomes obvious that the 
thermodynamic properties predicted from the three methods vary 
widely. It becomes evident by the same token that other 
models, such as guasi-chemical, surrounded atom, or 
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Figure 30. Thermodynamic properties calculated using sub-
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Figure 31. Thermodynamic properties calculated using the 
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Figure 32. Comparison of enthalpy of mixing values predicted 
by sub-regular, Guggenheim, and Miedena's model 
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These models were not used for comparison due to the lack of 
experimental data for parameters needed in their calculation. 
13U 
VII. CONCLUSIONS 
The use of the lévitation calorimetry technigue for the 
determination of heat content was applied to the cerium-copper 
binary liquid alloy system. The Qormal spectral emissivities 
of the liquid alloys were determined at X = 645 nm by an 
integral blackhody comparison method in order to enable the 
pyrometric determination of the temperatures of the levitated 
samples. It was found that the experimentally observed values 
of the normal spectral emissivity were very sensitive to the 
optical path, as are other optical properties. A mechanical 
device, a rotary indexing table, was employed to obtain the 
same optical path for every measurement as the one used for 
the calibration. This led to two interesting observations. 
One is the constancy of the normal spectral emissivity within 
the experimental temperature range for alloys of all 
compositions, including the pure metals. The other is that 
the emissivity results for pure liquid cerium and and liquid 
copper are lower than all other reported values. At the same 
time, the composition dependence of emissivity shows rather 
unusual behavior, indicating a complex interaction between the 
two constituent metals. 
The heat contents were measured at higher temperatures 
than those at which the normal spectral emissivities were 
measured. This is due to the limitations imposed by the 
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equipment used in the present work. It was assumed that the 
constancy of the normal spectral emissivity could be extended 
to the higher temperature range without loss of accuracy. 
The heat capacities were deduced from the slopes of heat 
content versus temperature plots. The composition dependence 
of the heat capacity showed another rarely observed behavior, 
namely, a maximum at = 0.67. Similar behavior was 
observed for the Cu-Sn binary system (128) , which is the only 
comparable work available in the literature. The behavior 
observed in the present work is interpreted as due to the 
effect of mixing on the radial distribution function, the 
vibration spectrum, and the electronic contribution to the 
energy state such that only oae solid intermetallic compound, 
i.e., CeCu2r survives the melting process and persists in the 
liquid state despite the thermal agitation with increasing 
temperature. 
Such results are not unexpected from liguid alloy systems 
where a certain degree of atomic clustering in the alloy 
occurs. Further experimental study on the liguid phase 
structure and thermodynamic properties of alloys is needed. 
The values of other thermodynamic properties predicted by two 
empirical relations based on the phase diagram show 
significant differences, especially in the enthalpy of mixing. 
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VIII. SUGGESTION FOB FUTURE WORK 
Suggestions for further work can be made based on the 
experience and results of the present work. It should be 
possible to study other liquid binary alloy systems in the 
same way as this work was done. Â difficulty may arise in 
determining the normal spectral emissivity by the blackbody 
comparison technique due to the container problem. A possible 
solution is to measure the normal spectral emissivity of 
levitated liquid alloys at their melting point. Well defined 
phase diagrams show sharp, accurate melting points at eutectic 
compositions or at the compositions of some of the 
intermetallic compounds. The alloys of other composition will 
not show sharp melting points. The emissivities of other 
compositions can be obtained by a curve fitting process with 
reasonable accuracy assuming that the emissivities are 
constant with temperature. The emissivities of pure metals 
were measured in this way (117). 
A further improvement can be achieved in the lévitation 
of samples by being able to outgas the lévitation chamber with 
a forepump. This will help reduce the impurity level of the 
inert atmosphere in the chamber. 
Additional study may be desirable which will make 
possible the design of lévitation coils with a greater 
lévitation force. This will help decrease the lower 
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temperature limit that can be attained during lévitation. The 
effect of the frequency of the electromagnetic field on the 
lévitation force also need to be studied. 
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X. APPENDIX A: 
COMPOSITION ANALYSIS 
A sample was weighed and dissolved in 100 ml of 
concentrated HNO3. Several drops of HgSiFg'xHgO (fluosilicic 
acid) vas added to assist the Ce dissolution. Warming the 
solution at 30 to HO°C helped enhance the rate of dissolution. 
The sample volume was reduced to about 10 ml to remove most 
of the acid. The sample was diluted in a 100 ml volumetric 
flask. 
An aliguot of solution containing about 100 mg of Ce was 
taken for the Ce titration and famed with to remove the 
HNO3. The Ce was oxidized with K2S2O8 (potassium 
peroxydisalfate) to Ce+* using 1.0 mg of AgNO^ as a catalyst. 
The Ce+4 was titrated with 0.10 N FeSO^ to a sharp orange-red 
f err ion end point. 
An aliquot to contain 12.0 to 25.0 mg of Cu was taken for 
the EDTA (ethylenediaminetetraacetic acid) titration of the 
Cu. The pH was adjusted to 4.8 with a pH meter after adding 
2.0 g of NaCgHgOg (sodium acetate). One half to 1.0 g of NaF 
was added to mask the Ce. The solution at pH 5.0, heated to 
80® to 90®C, was titrated with 0.05 M EDTA to a sharp green 
end point using Pan (1-2 pyridylazo)-2 naphthal as indicator. 
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XI. APPENDIX B: 
CALCULATION OF OTHER THERMODYNAMIC PROPHETIES 
The thermodynamic properties predicted by the sub-regular 
solution model and the one proposed by Guggeaheim were 
calculated based ou the Ce-Cu phase diagram. The following 
coordinates taken from the liguidus curve of the phase diagram 
(106) were used. 
T(K) 
Xcu 
1356 1340 1330 1303 1275 1229 1175 1149 
1.0 0.9838 0.9788 0.9674 0.9572 0.9397 0.9230 0.9160 
T (K) 1068 976 924 873 801 698 
Xce 1.0 0, 940 0.8914 0.853 0.80 0.721 
The partial molar Gibbs free energy of mixing for Cu oa the 
Cu-rich side is^ 
' "'fus,Cu " ^®fus,Cu ' 
and that for Ce on the Ce-rich side at a point below the 
transformation temperature is, 
''^Ce = - AcIrans.Ce '^^fus.Ce 
y->-5 y-^6 
^\rans,Ce ~ ^ ^®trans,Ce^ ~ ^^^fus,,Ce ~ '^^^fus,Ce^ 
From the basic relation 
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AG? = AGj^ - RT In (i=Ce or Cu) 
the following data are obtained. 
0.9838 0.9788 0.9674 0.9572 0.9397 0.9230 0.9160 X, Cu 
AG, E Cu 
-47.56 -80.72 -190.2 -321.9 -626.8 -989.8 -1178.5 
^ce 
0.94 0.8914 0.853 0. 80 0.721 
< -115.7 -355.0 -594.7 -1023.7 -1619.2 
The unknown constants of both models were obtained by 
linear regression analysis where the excess partial molar 
Gibbs free energy of component i divided by (1-X^)2 is treated 
as a dependent variable. The independent variables associated 
with the unknown constants take different forms, as shown in 
equation (1) for cerium, and equation (2) for copper. This 
example of Guggenheim's approximation shows how these unknown 
constants are treated as a linear function. 
' _E 11 1 
' ^%e 11 1 
' '2 = a+3T+a" 
; (i-w 11 1 
11 1 
' _E 11 1 
' 11 1 
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In this example, the dependent variable ï is a linear 
function of the independent variables T ,  x ,  X T ,  X X ,  and X X T .  
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The coefficients associated with these independent variables 
are B, a', 3', o", and 3", respectively. The residual 
intercept becomes a. The key statement in the computer 
processing with the SAS language was P80C LIS; MODEL Y = T X 
XT XX XXT;. 
The sub-regular solution model is treated in a similar 
but simpler way, because there are no terms associated with XX 
or XXT. 
The results of the linear regression for the sub-regular 
solution model are given below; 
a = 21635.bO 3 = -96.102 
a* = -141733.04 3' = 49.802 
The results for Guggenheim's approximation are; 
a = -94285.09 g = -4.785 
a• = 167337. 22 3 » = 3.265 
a" = -63786.47 3" = -42.135 
The enthalpy of mixing predicted by Miedema's model (135) 
is based on his proposed equation, 





= surface concentration of component A 
{ 1 + aCg ((i)^-(J)g)} , a=0.07 for Ce-Cu 
Cj^ = atomic fraction of component i 
V£ = molar volume of component i (cms/moie) 
nj"g = electron density of component i (density units) 
An^g = the difference between the electron densities of 
two pure elements (density units) 
* 
(j) = electronegativity parameter (volt) 
"k 
A(j) = the difference between the electronegativity 
parameters of the two pure elements (volts) 
P,QQ = coefficients fixed by Miedema for a particular 
combination of binary alloy 
e = elementary charge 
* 
In the Ce-Cu alloy system, the values of # , ^ws' V 
are 3.14, 1.16, and 20. 95 for cerium, and 4.55, 1.47, and 7.12 
for copper, respectively. The values for cerium were obtained 
by interpolation between La and Y using their molar volumes, 
as suggested by Miedema, The coefficients for P and Qo/P are 
0.147 and 9.4, respectively. These values along with the 
value of a for Ce-Cu alloys are fixed constants, given by 
Miedema. 
The calculated values are shown below, where A = cerium, 







B < 1-< KJ/mol 
1.0 0.0 7. 600 4.065 7,600 1. 000 0. 000 0. 
0. 9 0. 1 7. 525 4.029 7. 175 0. 944 0. 056 -7.584 
0.8 0.2 7. 45 0 3.992 6.758 0. 882 0. 118 -14.027 
0.7 0.3 7. 375 3. 956 6.349 0. 813 0. 187 -19.227 
0. 6 0.4 7.300 3.919 5. 948 0. 736 0. 264 -23.006 
0.5 0. 5 7c 225 3.883 5. 554 0. 650 0. 350 -25.165 
0. a 0.6 7. 150 3.846 5.168 0. 553 0. 447 -25.450 
0.3 0.7 7.075 3.810 4.790 0. 443 0. 557 -23.552 
0.2 0.8 7. 000 3.773 4.418 0. 317 0. 683 -19.060 
0. 1 0.9 6.925 3.737 4.056 0. 171 0. 829 - 11. 441 
0.0 1.0 6. 850 3.700 3.700 0. 000 1. 000 0. 
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